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Chapter 1
1.1 Introduction
Over the past decades, there has been growing evidence that various human ac-
tivities lead to the loss of biodiversity in ecosystems. This causes concern for eth-
ical and aesthetic reasons, but also because of the services that biodiversity can
provide to humanity (e.g. in the search for new medicines for certain diseases).
Furthermore, there is a broad consensus among scientists that biodiversity is im-
portant for the functioning of complex ecosystems (Hooper et al. 2005; Duffy et al.
2007). For example, changing diversity among predator species can affect pest
suppression, and consequently influences plant health and biomass. The strength
and sign of this effect depends on the degree of omnivory of the predator species
and on the prey behaviour (Duffy et al. 2007).
Biological invasions of alien species have been identified as one of the five great-
est threats to biodiversity (Wilcove et al. 1998; Pimentel et al. 2000; Hooper et al.
2005; Wagner and Van Driesche 2010). Invasive alien species (IAS) have direct
ecological effects on other species through a variety of mechanisms (Parker et al.
1999). In the case of invertebrate predators, native species may be displaced by
direct predation, exploitative competition for a limited amount of food or space,
lower immunity to shared natural enemies, introduction of new pathogens or dis-
rupted mating systems (Snyder and Evans 2006; Kenis et al. 2009).
Introductions of species into new habitats could happen unintentionally, as stow-
aways in shipped goods or vehicles. This introduction pathway has become more
important over the last 100 years because of the increase in global trade and
travel, leading to a dramatic rise in the number of alien species arriving in coun-
tries (Nentwig 2007). However, species have also been intentionally introduced in
new ecosystems for centuries for use in human nutrition, for cultural enrichment
of colonised regions and, in the case of plants, for ornamental purposes (Nentwig
2007).
More recently, species have also been introduced for biological control purposes.
There has been a growing interest in the use of biological control over the past
decades, because of several problems associated with the use of pesticides to
control pests and diseases in agriculture. These problems include the develop-
ment of pesticide resistance, the outbreak of secondary pests, the elimination of
2
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natural enemies and safety issues due to residues on or in the food. Furthermore,
there has been a growing public concern about the negative effects of chemical
crop protection on the environment (De Clercq et al. 2011; van Lenteren 2012a).
In biological control, beneficial organisms are used to suppress populations of
harmful organisms below economically important levels (van Driesche and Bellows
1996; De Clercq et al. 2011). A variety of organisms (including viruses, bacteria,
fungi, predators, parasitoids, and entomopathogenic nematodes) have success-
fully been used to control animal pests in agriculture, horticulture and forestry (van
Lenteren 2012a).
The number of alien species in Europe was recently documented by a pan-European
project (DAISIE European Invasive Alien Species Gateway, http://www.europe-
aliens.org). In the case of arthropods, the majority of species (1341 spp., 86%)
was introduced unintentionally, whereas the introduction of 218 species (14%) was
intentional. Almost all intentionally introduced species were intended for use in
biological control (Rabitsch 2010). In commercial biological control, more than
150 arthropod species are produced and commercialized as biological control
agents worldwide. About 50% of these species are exotic to their area of release
(De Clercq 2002; EPPO 2011; van Lenteren 2012a). The situation in Europe is
similar, with about 40% of the over 90 commercially available species having a
non-European origin (Maes et al. 2011). There are several reasons why such a
high proportion of exotic invertebrates are used in biological control (De Clercq
et al. 2011). First of all, an exotic natural enemy might be necessary to obtain an
effective suppression of an exotic pest. Second, exotic natural enemies may be
more successful under the climatic conditions used in protected cultivation than
native species. Furthermore, the successful use of certain natural enemies in
other parts of the world may incite biological control producers to use them for
local problems (van Lenteren et al. 2003; De Clercq et al. 2011).
Besides their advantages, exotic species used in biological control could also have
negative side effects, damaging its environmentally friendly image of being a sus-
tainable method for crop protection. Introducing natural enemies in agricultural
systems could result in the establishment of these species in adjacent natural and
semi-natural ecosystems, possibly leading to negative impacts on non-target or-
ganisms, as discussed above (Simberloff and Stiling 1996; De Clercq 2002; Hod-
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dle 2004; van Lenteren et al. 2006). However, not every species that becomes
established in its introduced range causes adverse impacts and thus becomes
invasive. There have been over 7000 introductions of almost 2700 exotic natu-
ral enemies for biological control of arthropod and plant pests over the past 120
years, and the majority of these releases did not result in unwanted side effects.
Nonetheless, some serious cases of non-target effects by exotic biological control
agents against insects and weeds have been reported recently (Follett and Duan
2000; Wajnberg et al. 2000; van Lenteren 2012b).
The multicoloured Asian ladybird Harmonia axyridis (Pallas) (Coleoptera: Coc-
cinellidae) is one of the best known examples of an exotic biological control agent
that has become invasive. This species is native to large parts of Central and
Eastern Asia, where it can occupy many different habitats (Hodek and Honek
1996; Koch 2003). Because both the larvae and adults of H. axyridis are vora-
cious predators of different aphid species and other soft-bodied arthropods, this
species has been introduced as a commercial biological control agent in North
America and Europe against several pest species during the 1980’s and 1990’s,
respectively (Koch 2003; Adriaens et al. 2008; Brown et al. 2008a). Several char-
acteristics of H. axyridis have promoted its use in both classical and augmentative
biological control. First of all, this ladybird has a high pest suppression poten-
tial and is highly polyphagous. Furthermore, it has the ability to exploit resources
in a wide range of habitats, can easily adapt to different climatic circumstances,
has a high dispersal capacity, and thus has a high potential to establish in new
areas. The relative ease of mass rearing H. axyridis, due to its high fecundity
and polyphagy, made it an attractive species for commercialization by producers
of biological control agents (Koch 2003; Majerus et al. 2006; Pervez and Omkar
2006; De Clercq and Bale 2011). However, these very traits also give H. axyridis
a high potential to become an invasive species in the areas where it is introduced
(van Lenteren et al. 2008).
Since 1988, H. axyridis has established in at least 38 countries in 4 continents out-
side its native range (Brown et al. 2011b). In Europe, the release of this ladybird as
an augmentative biological control agent resulted in the establishment in a variety
of natural and semi-natural ecosystems in 26 different countries, including several
countries where it was not intentionally introduced (Adriaens et al. 2008; Brown
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et al. 2008a, 2011b). Recent studies, based on large scale surveys over several
years in Belgium, England and Switzerland have shown that the establishment of
H. axyridis poses a threat to local biodiversity (Brown et al. 2011a; Roy et al. 2012).
Since the arrival of H. axyridis, the abundance of several native ladybirds species
that were previously common and widespread declined. Especially species with
a high niche overlap, such as Adalia bipunctata L. (Coleoptera: Coccinellidae),
are at risk. In North America, the arrival of H. axyridis was also associated with
changes in the species composition in certain (agro-) ecosystems (Colunga-Garcia
and Gage 1998; Michaud 2002b; Brown 2003; Harmon et al. 2007). For example
in Michigan (USA), H. axyridis became the most abundant ladybird only four years
after its establishment, while certain native species declined (Colunga-Garcia and
Gage 1998). These declines are attributed to competition for mutual food sources,
intraguild predation (IGP), and superior physical and chemical defence mecha-
nisms of H. axyridis compared to native ladybirds (Roy et al. 2012). Especially the
possible role of IGP in structuring insect communities has been extensively stud-
ied. IGP occurs when one predator consumes another predator of the same guild
(i.e. a predator competing for the same prey) (Polis et al. 1989). It is considered to
be a very common and widespread interaction, that occurs frequently in a variety
of ecosystems (Arim and Marquet 2004). However, there is still an ongoing debate
among scientist about the ecological importance of IGP in the possible suppres-
sion of native species by invaders (Kindlmann 2010; Kindlmann et al. 2011).
In the case of H. axyridis, most studies on IGP focused on interactions between
this invasive ladybird and other Coccinellidae in the laboratory (e.g. Yasuda et al.
2001; Burgio et al. 2002; Félix and Soares 2004; Hoogendoorn and Heimpel 2004;
Sato and Dixon 2004; Cottrell 2005; Kajita et al. 2006; Ware and Majerus 2008).
These studies demonstrated that H. axyridis acts predominantly as the intraguild
predator in such interactions because of its relatively large size, higher attack rates
and greater escape ability compared to other ladybird species (Yasuda et al. 2001;
Ware and Majerus 2008). Furthermore, recent field studies have shown that IGP
by H. ayridis on native coccinellids can occur frequently in the field (Hautier et al.
2011; Gagnon et al. 2011b). However, the guild of aphidophagous predators con-
sists of more than only ladybirds. Other groups, like hoverflies (Diptera: Syrphi-
dae) and lacewings (Neuroptera: Chrysopidae), are also important aphid preda-
tors. Nevertheless, there is only a very limited knowledge of possible intraguild
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interactions between H. axyridis and these other predators.
1.2 Objectives and thesis outline
The overall objective of the present study was to gain more insight in intraguild in-
teractions between H. axyridis and non-coccinellid aphidophagous predators. As
mentioned higher, the majority of IGP studies involving H. axyridis have focused
on interactions with other ladybirds. However, investigating interactions based only
on taxonomic relations between species would lead to incomplete conclusions.
The aphidophagous guild consists of more taxonomic groups than Coccinellidae
alone, and each species within this guild that co-occurs in time and space with H.
axyridis could be affected by this invader. Two other families of aphid predators
that have been found to co-occur with H. axyridis are Syrphidae and Chrysopidae
(Alhmedi et al. 2007; Wells 2011; personal observations). Therefore, the most
common species of each group (Episyrphus balteatus and Chrysoperla carnea,
respectively) were selected as model species to investigate intraguild interaction
between them and H. axyridis. Further understanding of these intraguild inter-
actions, and factors influencing them, would provide insights in the effect of the
establishment of H. axyridis on native populations of E. balteatus and C. carnea.
These objectives are reflected in the following research questions:
• Does H. axyridis engage in IGP with non-coccinellid aphidophagous preda-
tors?
• Which factors influence possible intraguild interactions between H. axyridis
and other aphidophagous predators?
• What is the ecological importance of IGP involving H. axyridis under field
conditions?
The first part of this study consisted of laboratory experiments, which focussed
mainly on interactions between H. axyridis and E. balteatus only. In the second
part, where it was attempted to investigate IGP in the field, both E. balteatus and
C. carnea were considered as intraguild prey. The research questions were thus
addressed in several chapters:
6
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• Chapter 2 provides an overview of the current literature on H. axyridis, IGP
and different detection methods to investigate IGP in the field.
• In chapter 3, the occurrence of IGP between the different life stages of H.
axyridis and E. balteatus is investigated, to gain insights in the potential
intraguild interactions between the two species. The influence of size and
the developmental stage of both predators, the presence of extraguild prey
and habitat complexity on IGP are assessed.
• In chapter 4 and 5, the influence of several other factors on IGP between H.
axyridis and E. balteatus is further examined. Chapter 4 addresses effects of
plant species, coupled with habitat complexity (using more complex arena’s
than in the previous chapter), while in chapter 5 the role of food quality and
quantity during the larval development for intraguild interactions is examined.
• In chapter 6, a novel approach for examining prey DNA in the gut of a preda-
tor was adapted to enable detection of IGP between H. axyridis and both E.
balteatus and C. carnea under field conditions.
• Finally, chapter 7 describes the results obtained from field collected samples
of H. axyridis tested with the detection method developed in chapter 6.
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2.1 Harmonia axyridis: an invasive predator
2.1.1 Taxonomic classification
Kingdom Animalia
Phylum Arthropoda
Subphylum Hexapoda
Class Insecta
Subclass Pterygota
Infraclass Neoptera
Order Coleoptera Linnaeus, 1758
Suborder Polyphaga Emery, 1886
Infraorder Cuculiformia Lameere, 1938
Superfamily Cucuioidea Latreille, 1802
Family Coccinellidae Latreille, 1807
Subfamily Coccinellinae Latreille, 1807
Genus Harmonia Mulsant, 1850
Species Harmonia axyridis (Pallas, 1773)
H. axyridis has a complicated taxonomic history, resulting in the use of a va-
riety of names to refer to this species: Coccinella axyridis Pallas (1773), Coc-
cinella bisex-notata Herbst (1793), Coccinella 19-sinata Faldermann (1835), Coc-
cinella conspicua Faldermann (1835), Coccinella aulica Faldermann (1835), Har-
monia spectabilis Faldermann (1835), Coccinella succinea Hop (1845), Anatis
circe Mulsant (1850), and Ptychanatis yedoensis Takizawa (1917) (Koch 2003).
Several common names, like the multicoloured Asian ladybird (or lady beetle), the
harlequin ladybird and the Halloween ladybird, are used to refer to this species.
2.1.2 Morphology
Like in other Coccinellidae, the life cycle of H. axyridis consists of several distinct
life stages: egg, four larval stages, pupa and adult (Hodek and Honek 1996).
The oval shaped eggs are about 1.2mm long, and are pale yellow to light orange
when freshly oviposited. The egg colour darkens with time, to become grey-black
about 24h before hatching (El-Sebaey and El-Gantiry 1999). Eggs are typically
oviposited in clusters, mainly on the underside of the leaf (fig. 2.1a) (Hodek and
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Honek 1996; Koch 2003).
The size of the larvae ranges from 1.9 to 2.1mm in the first instar to 7.5 to 10.7mm
in the fourth instar (Koch 2003). Each instar is separated from the next by a moult.
After moulting, the larvae have to remain immobile for a few hours to allow the new
cuticle to harden. The abdomen is covered with three-pronged dorsal scoli and
two-pronged dorsolateral scoli (Rhoades 1996), which protect the larvae against
predation (Ware and Majerus 2008). Each larval instar can be distinguished by
their colouration (Rhoades 1996; El-Sebaey and El-Gantiry 1999). The body of
first instars is entirely dark blackish (fig 2.1b and c). According to El-Sebaey and
El-Gantiry (1999), a red spot is located in the centre of the sixth abdominal seg-
ment. Second instars have the same black colour as first instars, except for orange
spots on the dorsolateral area of the first or first and second abdominal segments
(fig. 2.1d). In the third instars, the orange colouration covers the dorsal and dor-
solateral areas of the first abdominal segment and the dorsolateral areas of the
second to fifth abdominal segments (fig. 2.1e). Fourth instars are similar in colour
as larvae of the third developmental stage, except for the scoli of the dorsal areas
of the fourth and fifth abdominal segment, which are also orange (fig. 2.1f). Before
pupating, the fully-grown fourth instar stops feeding and attaches itself to the sub-
strate with its anal pad, the pygopodium. This C-shaped curved quiescent stage is
called the prepupa (fig. 2.1g) (Hodek and Honek 1996; Koch 2003). This prepupa
moults into an exposed pupa. The exuvium of the fourth instar remains attached
to the posterior end of the pupa, where it is attached to the substrate (Koch 2003).
Pupae have a red-brown colour (fig. 2.1h) and will only move in defence against
an attack, by powerfully moving up and down their free end.
Adults (fig. 2.1i) have a convex, shortened oval body, that is 4.9 to 8.2mm long
and 4.0 to 6.6mm wide (the length is about 1.25 times the width) (Kuznetsov 1997).
There is a high variation in colouration and maculation among adults of H. axyridis
(Koch 2003). The head can be black, yellow, or black with yellow markings. On
the pronotum, central black markings consisting of four black spots, two curved
lines, a black M-shaped mark or a solid black trapezoid are found on a yellow-
ish background. The lateral edges of the pronotum show a yellowish oval-shaped
spot. The ventral surface can be yellow-orange to black, and a transverse plica
can usually be found above the apex of the elytra (Chapin and Brou 1991). Several
11
Chapter 2
Figure 2.1: The different developmental stages of Harmonia axyridis. a: eggs,
b: newly hatched first instars, c: first instar, d: second instar, e: third in-
star, f: fourth instar, g: prepupa, h: pupa, i: mating adults. (Source:
http://www.wildabouttheworld.com/gallery/data//504/HarAxy_ontwikkeling.jpg, ex-
cept photo g: A. Williams)
characteristics are different between males and females, making identification of
the gender relatively easy (Hodek and Honek 1996; McCornack et al. 2007). Adult
females are generally larger than males, while males have slightly longer anten-
nae. The labrum and prosternum of females are dark in colour, while those of
males are lighter. Furthermore, the fifth abdominal sternite differs between sexes.
The sternite of males has a concave distal margin, while the distal margin is convex
in females (fig. 2.2).
The elytra of the adults shows a highly diverse colouration, ranging from yellow-
orange to red with zero to 21 black spots, or black with zero to four red spots. This
results in a remarkable polymorphism, with more than 100 different elytral pat-
terns recorded (Soares et al. 2003). The different phenotypes are classified in 2
groups: a non-melanic ’red’ group, containing the succinea subgroup (0 to 21 black
12
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Figure 2.2: Labrum pigmentation (A-dark, B-light), protsternum pigmentation (C-
dark, D-light), and the distal margin of 5th visible abdominal sternite (E-convex, F-
concave) of Harmonia axyridis adults (A, C, E: female; B, D, F:male). Solid arrows
(black and white) denote location of morphological characters used to predict sex.
Source: McCornack et al. (2007).
spots), and the melanic ’black’ group, containing the conspicua (two red spots),
spectabilis (four red spots) and axyridis (more than four red spots) subgroups (Os-
awa and Nishida 1992). Two other melanic subgroups occur in its native area,
but are very rare in the invaded areas: the aulica subgroup with bars, stripes, or
large patches of pale colour on a black background and the nigra subgroup with
completely black elytra (Majerus et al. 2006; Pervez and Omkar 2006). In Europe,
the succinea colour form is dominant, while the axyridis form is the most abundant
in central Asia (Brown et al. 2008a). The colour polymorphism is determined by
15 alleles of one multi-allelic gene (Osawa and Nishida 1992; Michie et al. 2010).
There is a strong geographic and temporal variation in the relative frequency of
elytral pattern phenotypes (Osawa and Nishida 1992; Soares et al. 2003). This is
caused by a geographic variation in the frequency of the different alleles across
the native range, with non-melanic forms being found more often in warmer cli-
mates and melanic forms in cooler ones (Michie et al. 2010). Temporal variations
are believed to be caused by differences in fitness advantages between melanic
and non-melanic forms. The former presumably have a large fitness advantage
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in winter, but a disadvantage in summer, caused by thermal effects of their dark
colour (Wang et al. 2009). Furthermore, selective mating between both forms has
been found to increase the proportion of non-melanic individuals of H. axyridis
towards the summer in both Japan and China (Osawa and Nishida 1992; Wang
et al. 2009). The elytral colour pattern of H. axyridis also shows a high pheno-
typic plasticity to temperature. For example, genetically related individuals of the
succinea subgroup exposed to high temperature during their larval development
showed a lower number of smaller spots compared to individuals exposed to lower
temperatures (fig. 2.3) (Michie et al. 2010).
Figure 2.3: Four major forms of Harmonia axyridis. Figures (d) and (f) show the
effects of cold or hot temperatures during development on the succinea subgroup.
Source: Michie et al. (2010).
2.1.3 Life history
H. axyridis has a holometabolous life cycle, starting with an egg, followed by four
larval stages, a pupal stage and finally the adult stage. The duration of the devel-
opment is highly temperature dependent. At 22°C, the developmental time from
oviposition to adult was about 25 days when fed with the aphid Acyrthosiphon
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pisum (Sulzer) (Hemiptera: Aphididae). Increasing the temperature to 26°C re-
sulted in a shorter developmental time of 17.5 days (Lamana and Miller 1998).
Not only temperature, but also the quality and quantity of the diet affect larval de-
velopment (Majerus and Kearns 1989; Hodek and Honek 1996; Koch 2003). For
example, total developmental time decreased from 19.9 days when H. axyridis lar-
vae were fed on the cotton aphid Aphis gossypii Glover (Hemiptera: Aphididae)
to 18.0 days when reared on eggs of the Mediterranean flower moth Ephestia
kuehniella Zeller (Lepidoptera: Pyralidae) (a factitious food with a high nutritional
value) (Pervez and Omkar 2006). Feeding on a daily amount of 30 aphids (A.
pisum) instead of 5 resulted in a decrease of the developmental time from 20.75
to 18.75 days (Agarwala et al. 2008). Higher temperature and a lower quantity or
quality of the diet also results in smaller adults.
Apart from effects of temperature and diet, differences between populations have
also been found. A population of H. axyridis from the United States required 267,3
degree-days (DD) above a developmental threshold of 11.2°C to develop from egg
to adult (Lamana and Miller 1998), while a French population only needed 231.3
DD above a threshold of 10.5°C (Schanderl et al. 1985).
Adults of H. axyridis are characterized by a high fecundity and long lifespan. Fe-
males generally live for 60 to 140 days, in which they can lay between 20 and 30
eggs per day during a long oviposition period of 30 to 100 days. The total number
of eggs laid by females can range from 775 to 1840 (Soares et al. 2001; Stathas
et al. 2001; Agarwala et al. 2008). There have even been reports of females living
up to three years which were still ovipositing in their third year (Hodek and Honek
1996) and of females laying up to 3819 eggs during their life (Hukusima and Kamei
1970). As for the larval development, reproductive capacity is highly variable and
dependent on the temperature and the quality and quantity of the available food
(Hodek and Honek 1996; Dixon 2000; Ware and Majerus 2008). Prey scarcity re-
sults in a lower amount of eggs laid, rather than smaller eggs. The number of eggs
per batch also depends on the number of ovarioles in the females, which can vary
greatly within the species (Hodek and Honek 1996; Ware and Majerus 2008). The
pre-oviposition period is also variable in length, and decreases with an increasing
temperature (Stathas et al. 2001).
In both its native and invasive range, H. axyridis usually has two generations per
15
Chapter 2
year and is thus a bivoltine species (e.g. Koch 2003; Adriaens et al. 2008; Brown
et al. 2008a). However, more than two generations per year can occur under
warmer circumstances, for example in Italy or Greece where up to four to five
generations per year were recorded (Katsoyannos et al. 1997; Bazzocchi et al.
2004). H. axyridis overwinters as adult. In northwestern Europe, hibernating adults
leave their hibernacula by the end of March or April. The first larvae and pupae
appear in May-June, followed by a first peak of adults in June-July. A second
peak of adults can be observed in September-October (Adriaens et al. 2008). By
mid-October, adults start migrating to their overwintering sites, where they will
hibernate in often large aggregations. The migration is triggered by environmental
conditions. Huelsman et al. (2002) found that adults usually start migrating on the
first day with temperatures over 18°C after a colder period, with temperatures near
freezing. Hibernation is started in a state of diapause, which changes to a state
of quiescence as the winter progresses (Sakurai et al. 1992; Iperti and Bertrand
2001). In spring, adults will leave their hibernacula and migrate again to their
breeding sites. Aestivation (i.e. a dormant condition to pass the summer or a dry
season) has been observed in certain areas with a very hot summer (Sakurai et al.
1992; Majerus et al. 2006).
2.1.4 Prey range
H. axyridis is a very polyphagous predator, consuming pest insects from different
orders. It has been reported to consume at least 70 different aphid species (Hodek
and Honek 1996; Tedders and Schaefer 1994; Koch 2003; Berkvens 2010). Fur-
thermore, this species will also feed on Diaspididae (Hemiptera), Psyllidae (Hemi-
ptera), Adelgidae (Hemiptera), Coccoidea (Homoptera), Chrysomelidae (Coleo-
ptera) and Curculionidae (Coleoptera) (Tedders and Schaefer 1994; Michaud 2002a;
Butin et al. 2004; Stuart et al. 2002). Other pest species, such as spider mites
(Acari: Tetranychidae) are also possible prey (Lucas et al. 1997). However, a high
level of polyphagy also means that non-target arthropod species could become
prey to H. axyridis. For example, the monarch butterfly Danaus plexippus L. (Lep-
idoptera: Nymphalidae), a species of conservation concern in North America, was
found to be preyed upon by H. axyridis (Koch et al. 2003, 2005, 2006). Further-
more, feeding on other predatory insects or parasitoids (called intraguild predation
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or IGP, see section 2.3) has also been reported.
Cannibalism is also a common phenomenon among ladybirds. It provides nu-
tritional benefits to the surviving larvae when prey becomes scarce or is of low
quality (Snyder et al. 2000). Sibling egg cannibalism, where freshly hatched lar-
vae feed on unhatched eggs, also occurs frequently. This phenomenon provides
H. axyridis larvae with a competitive advantage since the development of larvae
that fed on unhatched conspecific eggs was shorter compared to larvae that did
not cannibalize eggs (Michaud and Grant 2004). However, older larvae display
kin recognition and are less likely to cannibalize a sibling larva than a non-sibling
(Joseph et al. 1999).
Like many other predaceous arthropods, H. axyridis can additionally feed on non-
prey foods such as pollen, nectar, fungal spores, plant wound exudates and phloem
sap (Hodek and Honek 1996; Lamana and Miller 1998; Patt et al. 2003; Koch et al.
2004). In most cases, the supplementary nutrients found in these foods are useful
to sustain the predators when nutritionally optimal prey is scarce or complement
the nutrients obtained from suboptimal prey (Hodek and Honek 1996; Patt et al.
2003). However, H. axyridis is capable of completing its larval development on a
diet of pollen alone (Berkvens et al. 2008a), in contrast to most native ladybirds
such as A. bipunctata (Hodek and Honek 1996; Bonte et al. 2010). Furthermore,
H. axyridis can also be frugivorous in autumn. These frugivorous habits are mainly
limited to feeding on already injured fruits (e.g. pumpkins, apples, raspberries and
grapes), since this ladybird is not capable of biting through the fruit skin in most
cases (Koch et al. 2004; Galvan et al. 2008). Larvae of H. axyridis cannot com-
plete their larval development on a diet of fruit alone (Berkvens et al. 2010), but
frugivory can increase the winter survival of adults (Koch et al. 2004; Galvan et al.
2008).
2.1.5 Habitat use
In literature, H. axyridis is generally stated to be a (semi-)arboreal species, oc-
curring mostly on deciduous trees (e.g. Hodek 1973). However, as it has been
recorded to occupy many different habitats in both its native and introduced range,
it can be regarded eurytopic. In Belgium, it was found on 159 plant species, be-
longing to 139 genera (Adriaens et al. 2008). These include deciduous trees like
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Figure 2.4: Harmonia axyridis adult feeding on aphids (left) and pollen (right)
(Photos: A. Wild and C. Nalepa).
maple (Acer sp.), willow (Salix sp.), lime (Tilia sp.), oak (Quercus sp.) and birch
(Betula sp.), but also pine (Pinus sp.) and hawthorn (Crataegus sp.). Herbaceous
plants like nettle (Urtica dioica L.) and reed (Phragmites australis Steud) were also
frequently visited. The habitats where H. axyridis can be found range from nat-
ural and semi-natural (forest, wood fringes, river banks/lake shores, brushwood,
scrubs/hedgerows, heathlands, swamps, meadows, marches, marshland, dunes,
reed-lands, poor dry grasslands and calcareous grasslands) to agricultural (arable
fields, forage crops, pastures, orchards, conifer woodland and fallow land) and
even more antropogenic habitats (parks and gardens, road verges, abandoned
railways, coal mine spoil piles) (McClure 1986; Lamana and Miller 1998; Colunga-
Garcia and Gage 1998; Adriaens et al. 2008; Brown et al. 2008b). However, this
species was found more frequently in more urbanized and anthropogenic land-
scapes than landscapes with forests and other natural elements (like moors and
heathland, peat bogs and water courses) compared to native coccinellids in Bel-
gium (Adriaens et al. 2008).
2.1.6 Use in biological control and establishment outside its
native range
H. axyridis is native to large parts of Eastern Asia, including China, Japan, Ko-
rea, Mongolia and Siberia, although its entire native range has not been clearly
recorded (Brown et al. 2011b). Because of its voracity as a predator of various
pest species (see section 2.1.4), its good prey searching ability, ease of rearing
and ability to colonize a wide range of habitats (see section 2.1.5), it has a long
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history of use in biological control strategies in America and Europe (Koch 2003;
Coutanceau 2006; Koch et al. 2006; Brown et al. 2011b). H. axyridis of Japanese
origin was first released as a classical biological control agent in the USA (Cali-
fornia and Hawaii) in 1916. However, the intended establishment did not occur,
and many further introductions were made, including at least fourteen in various
states between 1964 and 1982 (Gordon 1985). In Europe, it was first released in
the 1960’s in the East, including Ukraine from 1964, for the control of aphids on
fruit trees (Katsoyannos et al. 1997). In Western Europe, the species was brought
to France in 1982 for scientific research. First experimental releases of this strain
were done between 1990 and 1997 (Coutanceau 2006). From 1995, H. axyridis
was marketed as an augmentative biological control agent in Europe, by different
companies (Adriaens et al. 2003; Coutanceau 2006). Brown et al. (2011b) gives
a detailed overview of the different countries where H. axyridis was introduced for
use in biological control.
Several studies describe the successful application of H. axyridis as a biological
control agent in various crops (including apple orchards, citrus, soybeans, alfalfa
and roses) against a number of economically important pests (e.g. the aphids
Aphis spiraecola, Aphis glycines, A. gossypii, Rhopalosiphum maidis and Macrosi-
phum rosae) (Tedders and Schaefer 1994; Ferran et al. 1996; Brown and Miller
1998; Colunga-Garcia and Gage 1998; Michaud 2002b). Furthermore, Alyokhin
and Sewell (2004) stated that the arrival of H. axyridis has led to a long term de-
cline in aphid densities in potato crops in Maine, USA.
However, H. axyridis has been able to establish in nature in at least four differ-
ent continents, both in countries where it was released as in neighbouring areas.
In North America, the first report of an established population of H. axyridis was
made in 1988 in Louisiana (Chapin and Brou 1991). Subsequently, the species
spread very quickly and was present in at least 24 states by 1994 (Koch et al.
2006). It is also present in Canada (since 1994), Mexico and several countries in
South America (Brown et al. 2011b; Koch et al. 2006). In Europe, the first detec-
tion of the species in the wild occurred in 1999 in Germany (Brown et al. 2008a).
However, it took until 2001 before H. axyridis started spreading rapidly over the
continent. By 2008, establishment was reported in at least 13 countries (Brown
et al. 2008a). Since then, the rapid spread continued, resulting in 13 more coun-
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tries with a confirmed establishment in 2010 (Brown et al. 2011b). In Africa, estab-
lished populations have been reported in Egypt (around Cairo) and South Africa
(Brown et al. 2008a; Stals 2010). An overview of the current global distribution of
H. axyridis, with details for Europe, can be found in fig. 2.5.
Some researchers are convinced that the introductions for biological control pur-
poses were responsible for the establishment of H. axyridis outside its native range
(Gordon 1985; Coutanceau 2006), while others also considered unintentional in-
troductions via international trade as a possible mechanism behind the global
spread of the species (Day et al. 1994). Lombaert et al. (2010) reconstructed the
invasion routes and origin of the different populations of H. axyridis based on the
genetic composition of those populations and approximate Bayesian computation
(see fig. 2.6). They found that the outbreaks in eastern and western North Amer-
ica originated from two independent introductions from the native range, each the
result of either biological control or accidental introductions. Both the South Amer-
ican and South African outbreaks originated independently from the eastern North
American population. The European outbreak also finds its origin in the eastern
North American population, but with substantial genetic admixture with individuals
from the European biocontrol strain. These results show that the worldwide spread
is a consequence of a single successful invasive population (from eastern North
America). Furthermore, in the native range, two genetically different clusters in the
H. axyridis populations were identified: one in eastern and one in western Asia. It
has been shown that the eastern North American population was probably formed
by an admixture between the eastern and western native clusters. This admixture
may have facilitated adaptation of this eastern North American population, and
may in part explain why it functioned as a bridgehead for the further worldwide
spread of H. axyridis (Lombaert et al. 2011).
2.1.7 Non-target impacts of H. axyridis
Despite its benefits as a biological control agent, H. axyridis has also been asso-
ciated with several non-target effects on the environment, crops and humans in its
invaded range. These different adverse impacts will be discussed in the following
paragraphs.
In North America, declines in populations of several native coccinellids (e.g. Brachi-
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Figure 2.5: The known distribution of Harmonia axyridis up to and including 2010: (a)
globally; (b) in Europe. Note: in most cases entire countries are coloured, but this does not
mean that H. axyridis necessarily occurs throughout. A: Austria, Be: Belgium, Bo: Bosnia
and Herzegovina, Bu: Bulgaria, Cr: Croatia, Cz: Czech Republic, D: Denmark, F: France,
Ge: Germany, Gr: Greece, H: Hungary, Ir: Ireland, It: Italy, L: Latvia, Ne: Netherlands, No:
Norway, P: Poland, R: Romania, Se: Serbia, Sk: Slovakia, Sn: Slovenia, Sp: Spain, Swe:
Sweden, Swi: Switzerland, U: Ukraine, UK: United Kingdom. Source: Brown et al. (2011b).
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Figure 2.6: Most likely scenario of invasions into eastern North America (ENA), western
North America (WNA), South America (SA), Europe (EU) and Africa (AF) by Harmonia
axyridis, deduced from analysis based on approximate Bayesian computation. For each
outbreak, the arrow indicates the most likely invasion pathway and the associated posterior
probability value (P), with 95% confidence intervals in brackets. Years of first observation
of invasive populations are indicated. Initially collected from the native area in 1982, the
European biocontrol strain (Ebc; blue arrow) was used for biocontrol efforts in Europe and
South America. Introductions to North America from the native area (green arrows) may
have involved releases for biocontrol efforts. Source: Lombaert et al. (2010).
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acantha ursina (Fabricius), Cycloneda munda (Say), Cycloneda sanguinea L., A.
bipunctata, Coleomegilla maculata (De Geer) and Hippodamia convergens Guérin-
Méneville) have been observed after the arrival of H. axyridis, which became
the dominant ladybird species in several habitats, including apple orchards, cit-
rus plantations and potato fields (Brown and Miller 1998; Colunga-Garcia and
Gage 1998; Michaud 2002b; Alyokhin and Sewell 2004; Harmon et al. 2007; Mizell
2007). In contrast, Brown (2003) suggested that H. axyridis could be responsible
for an increase in population densities of native coccinellids because it is com-
petitively suppressing Coccinella septempunctata L., another invasive ladybird in
North America that was held responsible for declines in native coccinellids after
its arrival. In Europe, H. axyridis also became the most abundant species in lady-
bird communities in several agricultural and semi-natural habitats (Adriaens et al.
2008; Brown et al. 2011a). In England, this species increased from 0.1 to 40% of
the total ladybirds sampled three years after its arrival. A. bipunctata, C. septem-
punctata and Propylea quatuordecimpunctata L. were three ladybird species that
experienced declines in population densities during that time (Brown et al. 2011a).
Several factors are believed to contribute to the dominance of H. axyridis. These
include interspecific competition for the same limited resources, since H. axyridis
is a more voracious predator than the other ladybirds, and IGP (Michaud 2002b;
Roy et al. 2012; e.g.). The latter is discussed in detail in section 2.3.
However, it is difficult to prove that H. axyridis is effectively responsible for these
declines. First of all, Kindlmann et al. (2011) argue that a negative relation be-
tween population densities of native and exotic species does not necessarily imply
a causal relationship. Furthermore, Harmon et al. (2007) could not find a signif-
icant adverse general effect of this or other exotic ladybirds on native coccinellid
population densities when analyzing multiple long-term datasets. In contrast, the
adverse effect of H. axyridis on the distribution of several native ladybirds was
found to be significant in a study based on long-term data obtained from three
European countries (Belgium, England and Switzerland) (Roy et al. 2012).
In some crops, H. axyridis is regarded as a pest species. For example in autumn,
when prey is scarce, individuals of this species have been observed to feed on
fruit (such as grapes, apples, peaches, plums, pears, pumpkins and raspberries)
in order to have sufficient energy reserves to survive the winter (Koch et al. 2004;
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Figure 2.7: Aggregation and feeding of Harmonia axyridis on grapes (Photo: E.C.
Burkness).
Kovach 2004; Galvan et al. 2008). This frugivory occurs mostly on previously
damaged fruits (Koch and Galvan 2008). The highest economical damage of this
kind of feeding is caused on grapes for wine production. H. axyridis adults tend to
aggregate on clusters with damaged grapes (figure 2.7). If they are disturbed or
crushed during harvest and processing of the grapes, they release a fluid (reflex
bleed) containing alkylmethoxypyrazines in the wine. These compounds create
an unpleasant odour and taste in the resulting wine (Pickering et al. 2004; Koch
and Galvan 2008). As this foul taint cannot be removed completely, this wine is
of less or no economic value. These contaminations have been reported to have
a significant economic impact in the eastern United States and the Great Lakes
region (Koch and Galvan 2008), but have not yet occurred in other wine production
centres where H. axyridis has established, such as France (Coutanceau 2006).
Adults of H. axyridis are known to overwinter in often large aggregations. In natural
habitats in its native area, the overwintering predominantly takes place in cracks
and crevices of mountain tops and rocks, while in the invaded range a large part
of the aggregated overwintering adults are found in buildings (figure 2.8) (Obata
1986; Nalepa et al. 2000; Kuznetsov 1997; Huelsman et al. 2002). However, ag-
gregation in buildings also occurs in the native range of H. axyridis. In eastern
China, substantial numbers of adult beetles were found to enter buildings during
the migrations in autumn (Wang et al. 2011). In most cases, these beetles did not
remain inside for more than one or two weeks, before continuing their migration
to natural overwintering sites at higher elevations in the mountains. Nonetheless,
in less mountainous regions of China, beetle aggregations were found to remain
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Figure 2.8: Large aggregation of Harmonia axyridis adults during their overwin-
tering in human buildings (Photo: C. Brua).
in residences throughout the winter (Wang et al. 2011). It thus seems that the
absence of suitable natural overwintering sites in the invaded area is the main rea-
son for the overwintering in buildings. Furthermore, large aggregations, with more
than 1000 adults, are reported more frequently in Canada and the United States
than in Northwest Europe, probably due to differences in landscape composition.
In the more densely populated areas of Northwest Europe there are more suitable
overwintering sites than in the sparsely inhabited rural and natural areas in North
America, resulting in smaller aggregations in Europe (Adriaens et al. 2008).
The presence of those aggregations can cause nuisance to humans (Huelsman
et al. 2002; Koch 2003). In addition to the annoyance caused by their mere pres-
ence, they can cause problems by staining carpets, curtains, furniture and walls by
reflex-bleeding when disturbed. Furthermore, some people develop allergic reac-
tions to the alkaloids of the overwintering adults (Yarbourgh et al. 1999; Huelsman
et al. 2002; Goetz 2009). In some cases, there have even been reports of individ-
uals occasionally biting humans (Kuznetsov 1997; Kovach 2004).
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2.2 The aphidophagous predatory guild
A group of species, regardless of their taxonomic relations, that exploits the same
resource is called a guild (Begon et al. 2005). Thus, the aphidophagous guild con-
sists of predators, parasitoids and pathogens that either kill or reduce the fitness
of aphids. Because they are highly abundant and easily available in a variety of
habitats, aphids are frequently found as obligate or temporal food sources for nu-
merous insect species. Predatory species from 22 families from six insect orders
were found to consume aphids, making the aphid predatory guild a very species
rich group. Furthermore, other generalist predators, like Araneae, Acari, Opil-
iones, frogs, birds or bats may be temporal members of aphidophagous guilds
(Szentkiralyi 2001). When only considering the obligate aphid predators, which
belong to the constant members of the aphidophagous predatory guild, this group
contains at least 12 insect families including Coccinellidae (ladybirds), Syrphidae
(hoverflies) and Chrysopidae (lacewings) (Duelli 2001; Lucas 2005). These three
families and their role in the aphid predator guild will be discussed below.
2.2.1 Coccinellidae
Ladybirds are economically important predators of aphids in a variety of crops, and
consequently one of the best studied groups of aphid predators (Völkl et al. 2007).
The general morphological and life history characteristics are similar to those of
H. axyridis, for which they were described in detail in section 2.1. Coccinellids are
characterized by several traits which are typical for effective predators. They have
a high prey searching capacity and high voracity. Furthermore, the host specificity
of most larvae is narrow enough to cause high predation of particular prey species,
but in the mean time they are able to develop on alternative prey when aphid num-
bers are low. The latter is an especially advantageous characteristic for predators
of a highly ephemeral prey like aphids (Hodek and Honek 1996).
Because of these traits, ladybirds have been used (with varying success) in many
biological control strategies against aphids (Völkl et al. 2007). A classical ex-
ample of a ladybird that was successfully used in classical biological control is
the predatory vedalia beetle Rodolia cardinalis (Mulsant). This beetle was intro-
duced in California (USA) in the 19th century for the control of cottony cushion
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scale Icerya purchasi Maskell (Hemiptera: Margarodidae), a pest which was un-
intentionally imported to California from Australia and was resistant to hydrogen
cyanide (Obrycki and Kring 1998; Dixon 2000). Cryptolaemus montrouzieri Mul-
sant and A. bipunctata are two examples of ladybirds that are successfully used in
augmentative biological control programs against mealybugs (Hemiptera: Pseu-
dococcidae) and aphids (Hemiptera: Aphididae), respectively (Obrycki and Kring
1998; Dixon 2000).
2.2.2 Syrphidae: Episyrphus balteatus
Syrphidae or hoverflies belong to the order of the Diptera or true flies, and are
characterized by a holometabolous life cycle consisting of an egg, three larval
stages, a pupa and an adult stage. Within this family, there are different possible
larval feeding modes. Some species have larvae that are mud-dwellers, while
others live in the excrements of animals, are phytophagous or feed on aphids.
The subfamily of the Syrphinae contains exclusively species with predatory larvae
(Schneider 1948). The most common species within this subfamily in western
and central Europe and southern Asia is Episyrphus balteatus DeGeer (Verlinden
and Decleer 1987; Tenhumberg and Poehling 1995; Hindayana 2001; Stubbs and
Falk 2002). Consequently, E. balteatus was chosen as a model species for the
predatory hoverflies in the experiments in this study. The following paragraphs will
thus mainly focus on the biology of this species.
In contrast to larvae, adult hoverflies feed on nectar and pollen, and occasionally
on aphid honeydew. The pollen are required as a protein source for egg develop-
ment (Schneider 1948; Hart et al. 1997). E. balteatus adults lay eggs individually
or in clusters of two to three eggs in the vicinity of aphid colonies (Chandler 1968).
The eggs are about 1mm long, have an elongated, cigar-like shape and are usu-
ally pale white in colour (Schneider 1948; Stubbs and Falk 2002). The larvae
are maggot-like, lacking legs and eyes. Their skin is partially transparent, making
prey remainders in the gut visible (Stubbs and Falk 2002). Larvae moult three
times before entering the pupal stage, which has a drop shape and is glued to
the plant surface. Adults have a characteristic black and yellow colour pattern on
their abdomen, which mimics the colour pattern of wasps (Stubbs and Falk 2002).
The different stages of E. balteatus are shown in figure 2.9. The total life cycle
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(from egg to adult) takes about 20 days (21.2 and 19.6 days at 26.6 and 29.9°C,
respectively) (Hong and Hung 2010).
E. balteatus can be found from early spring (March-April) until late autumn (October-
November) throughout most of its range (Schneider 1948). In north-western Eu-
rope, the first eggs of E. balteatus can be found from mid April to mid May. From
then on, there is a steady increase in the number of adults, with a peak in July
and August. This increase is also caused by immigration of adults from the south
(Verlinden and Decleer 1987; Hondelmann and Poehling 2007). As the larvae
do not need a diapause to become adult, there are several generations per year.
Two to five generations were reported in Europe, with the higher number of gen-
erations more south, such as in the Mediterranean region (Schneider 1948; Hart
et al. 1997; and references therein). In late summer and autumn, adults migrate
back to warmer regions for overwintering. This hoverfly overwinters as adult fe-
males mainly in southern Europe and North Africa, though overwintering females
have also been found in more northern countries such as Switzerland (Schneider
1958; Stubbs and Falk 2002). Overwintering of non-adult forms has also been
reported (Sarthou et al. 2005).
In contrast to many other hoverfly species, E. balteatus is highly tolerant to un-
favourable climatic conditions. Adults even remain active in light rain (Verlin-
den and Decleer 1987). This high tolerance contributes to its distribution in a
wide range of habitats. These include cultivated areas (e.g. cereals and sev-
eral other crops), woodland, marshland and heathland (Schneider 1948; Verlin-
den and Decleer 1987; Tenhumberg and Poehling 1995). E. balteatus larvae are
highly polyphagous aphid predators, feeding on more than 100 species of aphids
worldwide (Sadeghi and Gilbert 2000a). They can be found on woody and herba-
ceous plants, with a variety of different aphid species (Schneider 1948; Hart et al.
1997). The maximum number of aphids consumed by E. balteatus is dependent
on environmental conditions such as temperature. A single larva can consume be-
tween 660 and 1140 third instars of the Rose-grain aphid (Metopolophium dirho-
dum Walker) during its larval development (Tenhumberg and Poehling 1995).
Aphidophagous hoverflies have a number of characteristics which make them im-
portant as natural enemies of aphids. First of all, they have a high mobility to ex-
ploit resources and distribute eggs over large areas (Schneider 1948; Chambers
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(a) (b)
(c) (d)
Figure 2.9: Episyrphus balteatus (a) egg, (b) larva, (c)
pupa, (d) adult (Source: (a): J. Moens; (b) and (c):
http://www.aphidweb.com/aphidbioagents/episyrphus_balteatus.htm; (d):
H. Wallays).
1988, 1991). Second, they have the habit of ovipositing close to aphid colonies
(Chambers 1988; Dixon 2000), and are able to oviposit even at low aphid densi-
tities (Chambers 1991; Sadeghi and Gilbert 2000b). Furthermore, they have high
reproductive rates and are very voracious (Chambers and Adams 1986; Poehling
1988; Tenhumberg and Poehling 1995). As a result, they are (at least in some
agroecosystems) able to locate and respond to aphid colonies sooner than other
aphidophagous predators, including coccinellids (Entwistle and Dixon 1989; Dixon
2000). Several studies showed the high efficacy of E. balteatus as a predator, par-
ticularly on cereal aphids (Chambers and Adams 1986; Poehling 1988; Entwistle
and Dixon 1989; Tenhumberg and Poehling 1995).
2.2.3 Chrysopidae: Chrysoperla carnea
Chrysopidae or green lacewings (Neuroptera) are an intensively studied insect
family because of their role as predators of pest arthropods (aphids and spider
mites) on agricultural plants and because of their resistance to many pesticides
(making them useful control organisms for toxicological testing of these agro-
chemicals) (Stelzl and Devetak 1999; McEwen et al. 2001). Chrysoperla carnea
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Stephens is the most common and widespread species of this family. It is found in
nearly every kind of habitat on a variety of plants, ranging from grass, herbs and
shrubs to trees. Consequently, this species is also the most important lacewing in
agricultural habitats (Stelzl and Devetak 1999; McEwen et al. 2001). Therefore, C.
carnea was selected as a model species for the aphidophagous lacewings in this
study.
C. carnea has long been assumed to be a single morphological species with a
holarctic distribution. However, over the past decades more and more evidence
indicates that ’C. carnea’ is not a single species. It is now considered to be a com-
plex of at least 20 cryptic sibling species (seven of which can be found in Europe),
called the ’carnea’-group (Henry et al. 2001). Besides classical morphological
methods of identification, new methods in physiology, behaviour and ecology are
necessary to distinguish among these cryptic species (Stelzl and Devetak 1999;
Henry et al. 2001). Further in this work, the name C. carnea will be used to refer
to this species complex as a whole (i.e. C. carnea sensu lato).
Adults of C. carnea are light green in colour, with transparent and fragile wings.
They are mostly active during the night (McEwen et al. 2001). Females lay eggs
individually on a thin hyaline stalk to protect them from cannibalism and predation
(Ruzicka 1997). They do not search for the exact location of an aphid colony and
may lay eggs some distance from the larval food source (Nakamura et al. 2000).
Consequently, newly hatched larvae must search extensively for food. Females
may lay up to 1000 eggs in optimal laboratory conditions (Zheng et al. 1993).
There are three larval stages, separated by a moult. Larvae are mainly brown,
with small variations in colour ranging from grey to reddish. They have large sickle-
shaped mandibles (McEwen et al. 2001). Before pupating, the third instar begins
to spin a spherical silken cocoon. It stays in this cocoon as the so-called prepupa,
before moulting into the pupal stage. The mature pupa (= pharate adult) emerges
from the cocoon, after which it moults to the adult stage (Stelzl and Devetak 1999;
McEwen et al. 2001). Figure 2.10 shows the different life stages of C. carnea.
The development from first instar to adult emergence takes about 20 to 25 days
at 25°C, depending on the aphid species that is provided as food (Liu and Chen
2001).
Adults of C. carnea are phytophagous, feeding mainly on honeydew, nectar, yeast
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(a) (b)
(c) (d)
Figure 2.10: Chrysoperla carnea (a) egg, (b) larva, (c) pupa, (d) adult (Source:
(a) and (c): S. Dalal; (b): J. Moens; (d): S. Feeney).
and pollen (Stelzl and Devetak 1999; McEwen et al. 2001). In contrast, larvae
are highly polyphagous predators feeding on various aphid species and other soft-
bodied insects (Canard 2001). They are very voracious, consuming between 146
and 292 fourth instar aphids (depending on the aphid species) during their devel-
opment (Liu and Chen 2001). Green lacewings such as C. carnea overwinter as
adults. They become active in spring and eggs can be found from May on. They
are primarily associated with the first aphid population growth period of the sea-
son, which ranges from May to mid-July. The highest number of adult lacewings
is found in July and August (Szentkiralyi 2001).
As its larvae are voracious, active predators with an excellent searching capacity,
and adults have a high dispersal capacity, C. carnea has several characteristics
of an effective biological control agent (Senior and McEwen 2001). Consequently,
this species has a long history of use as a predator in a variety of biological con-
trol programs all over the world (McEwen et al. 2001). For example, C. carnea
was able to successfully suppress populations of four aphid species on straw-
berry plants in glasshouses in Italy after mass releasing second instars in the
glasshouse (Benuzzi et al. 1992). As for most natural enemies, however, success-
ful control of the target pest is not always achieved, as it is strongly affected by
31
Chapter 2
biotic and abiotic conditions at the release site (Daane and Hagen 2001).
2.3 Intraguild predation
2.3.1 Definition
As stated in section 2.2, a guild constitutes of a group of species that exploit the
same resource. This resource is called the shared prey (Begon et al. 2005). When
one predator consumes another predator from the same guild, this predation event
is called intraguild predation (IGP). Because IGP provides a direct energetic gain
for the predator and reduces potential inter- and intraspecific competition, it is con-
sidered to be a combination of predation and competition (Polis et al. 1989; Rosen-
heim et al. 1995). The agressor is called the intraguild predator (IG predator), the
victim the intraguild prey (IG prey), and their common resource the extraguild prey
(Lucas et al. 1998). IGP can be asymmetric (unidirectional), when one species
always preys on the other, or symmetric (mutual) when there is mutual predation
between the two species (figure 2.11) (Polis et al. 1989; Rosenheim et al. 1995;
Lucas 2005). The latter does not necessarily imply that both species are of equal
strength or have a similar chance of winning an IGP confrontation. One predator
may for example feed on younger stages of the other, while the reverse could also
be true.
IGP is a taxonomically widespread interaction, occurring within freshwater, marine
Figure 2.11: Trophic webs illustrating the concept of (A) asymmetric IGP and (B)
symmetric IGP. Source: Rosenheim et al. (1995).
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and terrestrial food webs (Polis et al. 1989; Rosenheim et al. 1995). Arim and
Marquet (2004) analysed a database containing data from 113 food webs, with
763 potential IG prey and 599 potential IG predators. They found that IGP is a
widespread interaction, present at all trophic levels. The distribution, abundance
and evolution of all species involved can be affected by IGP (Polis et al. 1989; Holt
and Polis 1997).
2.3.2 Theoretical models describing IGP
The earliest models describing IGP were generalizations of simple predator-prey
models such as the Lotka-Volterra model (e.g. Holt and Polis 1997). These models
only include three species (a shared prey, an IG prey and an IG predator), and
assume that IGP is unidirectional. Furthermore, they predict that coexistence of
these species is only possible under certain circumstances (Polis and Holt 1992;
Holt and Polis 1997; Diehl and Feissel 2001; Mylius et al. 2001; Müller and Brodeur
2002; Briggs and Borer 2005). An important factor that determines if coexistence
is possible is the density of the common resource, which is often referred to as the
productivity of the system. If the IG prey is the inferior exploiter of the shared prey,
competition and predation by the IG predator will lead to its exclusion at all levels of
productivity. However, if the IG prey is the superior exploiter, it will outcompete and
exclude the IG predator in habitats with low productivity levels, while the IG prey
will be over exploited and excluded by the IG predator at high levels of productivity.
Consequently, these models predict that the three species can only co-occur at
intermediate levels of productivity and when the IG prey is the superior exploiter of
the shared prey.
Predictions of these simple models are thus not consistent with empirical find-
ings, as IGP is a widespread interaction which occurs in natural systems under
circumstances that are different from those predicted by theoretical models. Sev-
eral mechanisms have been suggested to explain this discrepancy. First of all,
most theories assumes long-term equilibrium conditions, whereas experiments
are often too short for the system to reach a stable state of equilibrium (Briggs
and Borer 2005; Rosenheim and Harmon 2006). Second, theory takes only three
species into account, while in nature most systems are open and consist of more
species, providing predators with diverse prey resources (Rosenheim and Harmon
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2006; Janssen et al. 2007). Third, theory considers well-mixed populations in an
unstructured environment. In contrast, real populations are often patchy and may
consist of several subpopulations connected by dispersal. Such dispersal could
result in the coexistence of species even when local populations cannot coexist
(Janssen et al. 2007). As most of these mechanisms are related to the simplicity
of IGP models, several authors have made attempts to improve them by adding
some complexity to the system. For example, following factors have been included
in IGP models: age structure (Mylius et al. 2001), switching of the IG predator be-
tween its possible prey according to prey densities (Krivan and Diehl 2005), anti-
predator behaviour of the IG prey (Heithaus 2001), the presence of alternative prey
(Daugherty et al. 2007) and cannibalism (Shellhorn and Andow 1999).
2.3.3 Factors affecting intraguild interactions
IG predator and prey characteristics
The relative body size was named by Polis et al. (1989) as one of the most im-
portant factors influencing the frequency and direction of IGP. In most cases, the
largest of the two opponents will act as an intraguild predator on the other (e.g.
Sengonca and Frings 1985; Lucas et al. 1998; Phoofolo and Obrycki 1998; Hin-
dayana et al. 2001; Félix and Soares 2004). A relatively larger body size is usually
correlated with more vigor and more efficient weapons and defensive mechanisms
(Lucas 2005). For example, Félix and Soares (2004) showed that intraguild inter-
actions between the ladybirds H. axyridis and Coccinella undecimpunctata L. were
mutual, with the largest of both larvae being the IG predator. In some cases, how-
ever, larger individuals are eaten by smaller predators (Polis et al. 1989).
An equally important factor affecting the occurrence of IGP is the degree of trophic
specialization (Polis et al. 1989; Lucas 2005). In order to act as an IG preda-
tor within the aphidophagous guild, a predatory species should be sufficiently
polyphagous to include non-aphid prey in its diet. Whereas almost all generalist
predators attacking aphids have been found to be involved in IGP as IG preda-
tors, specialists mostly act as IG prey (Lucas 2005). In interactions between the
generalists Chrysoperla rufilabris Burmeister (Neuroptera: Chrysopidae) and Co-
leomegilla maculata lengi (Timberlake) (Coleoptera: Coccinellidae) and the spe-
cialist Aphidoletes aphidimyza Rondani (Diptera: Cecidomyiidae), the latter was
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more vulnerable to IGP, and thus acted more as IG prey, than the two generalist
species (Lucas et al. 1998).
A third factor that influences IGP interactions is the mobility of the individuals in-
volved. Sessile stages or species with a low mobility are often very vulnerable
to attacks by IG predators (Lucas et al. 1998; Félix and Soares 2004). This is not
surprising, as escape behaviour is one of the main defence mechanisms of insects
(Lucas 2005).
Extraguild prey density
The presence and density of extraguild prey has also been found to affect the
frequency of IGP. In general, a decrease in extraguild prey density increases the
competition between predators and thus increases the frequency of IGP (e.g. Sen-
gonca and Frings 1985; Obrycki et al. 1998; Kajita et al. 2000; Hindayana et al.
2001; De Clercq et al. 2003; Yasuda et al. 2004). This increase could be passive
(i.e. IGP increases just because the ratio of intraguild:extraguild prey is higher), or
might be caused by active behavioural shifts. In the latter case, hungry predators
might expand their diet to include guild members. Alternatively, they might move
around more in search of food, increasing the number of contacts between in-
traguild predators and prey (Polis et al. 1989). However, other responses are also
possible. Lucas et al. (1998) suggested four theoretical scenarios to character-
ize the relationship between extraguild prey density and IGP in terrestrial inverte-
brates. In the first, IGP decreases steadily with increased extraguild prey density.
This scenario occurs for two predators foraging randomly for their prey, without
their searching behaviour influencing chances of meeting. In the second sce-
nario, there is an exponential decrease in IGP with the introduction of extraguild
prey. In this case, there is risk associated with the confrontation with the other
predator. Consequently, predators should avoid IGP interactions in the presence
of extraguild prey. In the third scenario, IGP remains constant, regardless of the
extraguild prey density. This could have three different explanations: 1) IG preda-
tors face no risk in encountering and attacking IG prey, 2) the predators forag-
ing behaviour increases the chance of encountering each other with extraguild
prey present, 3) the concentration of the prey increases the risk of predator con-
frontation. In the last scenario, IGP remains constant and high at low densities of
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extraguild prey, but decreases at very high densities. This scenario could occur
when competition between predators is strong at low densities of extraguild prey,
and IGP allows to diminish this competition. At higher prey densities, competition
is considerably reduced and a dilution effect lowers the probability that the two
predators encounter each other, and thus also reduces the incidence of IGP.
Habitat structure
Janssen et al. (2007) performed a meta-analysis to review the effect of varying
habitat structure on IGP. They found that there was a significantly negative effect
of IGP on populations of the IG prey in unstructured habitats. Furthermore, an
increasing habitat structure resulted in a decrease in IGP. In the field, a more com-
plex habitat structure can be obtained by, for example, leaving leaf litter of the crop
on the soil as a kind of mulch (Finke and Denno 2002). In many laboratory studies,
complexity is increased by increasing the spatial scale of the experimental arena,
for example, by comparing Petri dishes with small potted plants (e.g. Hindayana
et al. 2001). Habitat structure could affect IGP in several ways. One the one hand,
it might simply reduce encounter rates between predators and prey by enlarging
the area in which interactions occur or through impeding the perception of prey
by predators. However, this was not regarded as an important factor by Janssen
et al. (2007). On the other hand, prey could also actively use habitat structures as
refuge (Janssen et al. 2007; Lucas 2005).
Behavioural adaptations
Some IG prey show certain behavioural adaptations to reduce IGP. One of these
mechanisms is the detection and avoiding of possible IG predators. As sessile
stages are very vulnerable to IGP, several species reduce the risk of predation on
these stages by avoiding hazardous sites for ovipositing and moulting (Sih 1987).
For example, E. balteatus laid fewer eggs in aphid colonies where the coccinellids
H. axyridis, Propylea japonica Thunberg and Scymnus posticalis Sicard, all pos-
sible IG predators, were present (Putra et al. 2009; Alhmedi et al. 2010). Even in
colonies where only tracks of H. axyridis larvae were present, E. balteatus females
laid fewer eggs (Almohamad et al. 2010). However, such strong avoidance be-
haviour was not detected for the syrphid Metasyrphus corollae Fabricius (Diptera:
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Syrphidae) (Putra et al. 2009). Other strategies, such temporal or spatial segraga-
tion have also been found. For example, the ladybird C. septempunctata lays eggs
before the arrival of H. axyridis (Yasuda and Shinya 1997). Furthermore, Hoogen-
doorn and Heimpel (2004) showed that C. maculata foraged on lower parts of
maize plants when H. axyridis was present, thus avoiding the possible IG predator
that foraged the higher parts of the plants.
2.3.4 IGP in the aphidophagous guild
Lucas (2005) stated that aphidophagous guilds are ideal systems for intraguild
interactions for four main reasons. First, they are characterized by an extreme
species richness and diversity, including a great number of predatory, parasitoid
and pathogenic species. Second, individuals of most aphidophagous species ex-
perience a dramatic increase in their body size during their life cycle (an increase
of at least ten times their initial size). This results in many potential IGP situa-
tions by exposing small, highly vulnerable individuals to larger individuals of top
predators. Third, the shared prey (aphids) are contagiously distributed in space.
Consequently, most aphidophagous species are similarly distributed (for example,
through numerical aggregative responses), which leads to an increased chance of
encountering each other and thus to an increased IGP probability. Fourth, aphids
are not only distributed contagiously in space, but also in time. Aphid colonies are
characterized by fast population outbreaks followed by dramatic declines, lead-
ing to huge densities during short periods of time (Dixon 1985). Aphidophagous
predators should thus concentrate on this short period of prey availability for their
development.
All members of the aphidophagous guild (predators, parasitoids and pathogens)
can be involved in intraguild interactions (Rosenheim et al. 1995; Lucas 2005;
Borer et al. 2007). When predators are intraguild prey, they may be attacked by
other predators, by generalist pathogens and also by some generalist parasitoids.
As intraguild predators, they can prey on other predatory species and on infested
or parasitized aphids (Rosenheim et al. 1995; Brodeur and Rosenheim 2000; Lu-
cas 2005). The latter is then called coincidental IGP (Polis et al. 1989). In general,
generalist species with stages with large size are likely to play the role as IG preda-
tor in interactions. On the other hand, specialized predators of small body size and
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low mobility often act as intraguild prey (Lucas 2005). However, each individual of
any predatory species experiences several periods of great susceptibility to IGP
during its life cycle. These include periods as eggs, young (and small) larval in-
stars, the non-mobile pupal stage and times of moulting (Dixon 2000; Lucas et al.
2000; Lucas 2005).
IGP in the aphidophagous guild has been widely investigated, mainly in laboratory
experiments (reviewed in Dixon 2000; Brodeur and Rosenheim 2000). In addition,
at least two field studies have shown that IGP is a very common interaction in most
aphidophagous systems and that it should comprise a primary mortality factor for
the most vulnerable stages of some aphidophagous species (Rosenheim et al.
1999; Michaud 2004).
2.3.5 IGP involving H. axyridis
Several characteristics of H. axyridis, such as a high degree of polyphagy and
voracity, not only make this species a good biological control agent (see section
2.1.6) but also a possibly strong intraguild predator (Pell et al. 2008). Further-
more, IGP by H. axyridis was put forward as one of the main mechanisms po-
tentially leading to declines in native ladybird populations after its establishment
(see section 2.1.7). Consequently, intraguild interactions involving H. axyridis have
been widely examined, mainly in the laboratory (Pell et al. 2008). In most studies,
H. axyridis was identified as the dominant IG predator, feeding on opponents of
smaller or similar size. That IGP was generally asymmetric in favour of H. axyridis
was explained by its relatively large size, higher attack rates and greater escape
ability than the species with which it was paired, together with effective physical
and chemical defence strategies (Yasuda et al. 2001; Ware and Majerus 2008;
Pell et al. 2008; Hautier et al. 2010; Sloggett and Davis 2010).
The majority of the studies on IGP by H. axyridis has focussed on interactions
with other (native) ladybirds. As such, A. bipunctata, Adalia decempunctata (L.),
Calvia quatuordecimguttata (L.), Cheilomenes sexmaculatus (Fabricius), C. mac-
ulata, Coccinella quinquepunctata L., C. septempunctata, Coccinella transver-
soguttata Faldermann, C. undecimpunctata, C. munda, C. sanguinea, Eocaria
muiri Timberlake, Harmonia quadripunctata (Pontoppidan), H. convergens, Olla
v-nigrum (Mulsant), P. japonica, P. quatuordecimpunctata and S. posticalis were
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found to be possible IG prey of H. axyridis (Hironori and Katsuhiro 1997; Cot-
trell and Yeargan 1998; Dixon 2000; Kajita et al. 2000; Sakuratani et al. 2000;
Yasuda et al. 2001; Burgio et al. 2002; Michaud 2002b; Santi et al. 2003; Sato
et al. 2003; Cottrell 2004; Félix and Soares 2004; Sato and Dixon 2004; Ya-
suda et al. 2004; Cottrell 2005; Sato et al. 2005; Kajita et al. 2006; Cottrell 2007;
Noia et al. 2008; Rieder et al. 2008; Ware and Majerus 2008; Ware et al. 2008;
Moser and Obrycki 2009; Sato et al. 2009). However not so intensely studied,
non-coccinellid aphidophagous species were also found to be preyed upon by
H. axyridis. Species like Aphelinus asychis Walker (Hymenoptera: Aphelinidae)
(Snyder et al. 2004), Tamarixia radiata Waterston (Hymenoptera: Eulophidae)
(Michaud 2004), A. aphidimyza (Gardiner and Landis 2007) and C. carnea (Phoofolo
and Obrycki 1998; Gardiner and Landis 2007; Wells 2011) were found to become
prey to H. axyridis.
However, in some cases H. axyridis was overpowered by another predator. For
example, De Clercq et al. (2003) found that interactions between Podisus mac-
uliventris (Say) (Hemiptera: Pentatomidae) and H. axyridis were asymmetric in
favour of the pentatomid. Larvae of the coccinellid Anatis ocellata (L.) also acted
as IG predator on H. axyridis larvae (Ware and Majerus 2008).
2.4 Detecting predation through gut-content analysis
2.4.1 Studying predation in the field
Most studies on IGP within the aphidophagous guild were performed in the labo-
ratory, often in Petri dishes or on small potted plants (e.g. Lucas et al. 1998; Hin-
dayana et al. 2001), or in field cage experiments (e.g. Hoogendoorn and Heimpel
2004; Gardiner and Landis 2007). These small scale experiments are very useful
to investigate the potential outcome of predatory interactions between two species
and to estimate the effectiveness of attack and defence mechanisms (Levin 1992;
Harwood and Obrycki 2005). However, Petri dishes are a very small and artificial
environment. Potted plants and field cages are a better approximation to the nat-
ural situation, but still fail to replicate all variables that species experience in the
field (Harwood and Obrycki 2005). As Janssen et al. (2007) showed that increas-
ing spatial complexity usually leads the a decrease in the strength of IGP, it could
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be expected that interactions in the field differ from the results obtained from lab-
oratory experiments. Furthermore, results from short-term laboratory experiments
are not very suitable as a validation for theoretical models, which are based on the
assumption of a long-term equilibrium (Briggs and Borer 2005; Vance-Chalcraft
et al. 2007). Therefore, there is a need for field experiments and long-term com-
munity level-studies to gain insight in the importance of IGP in insect communities
(Rosenheim et al. 1995; Harwood and Obrycki 2005).
Most predatory arthropods are small, often active at night and hunt under a closed
canopy of vegatation (Sunderland 1988; Symondson 2002). Furthermore, IGP
(and predation more general) is an ephemeral event, making it difficult to observe
and quantify it in the field (Symondson 2002; Lucas 2005). However, some studies
have investigated IGP under field conditions by direct observations. For example,
Rosenheim et al. (1999) followed neonate lacewing larvae in cotton during 4h peri-
ods of observation. Of 136 individuals, 9 were killed by IGP. As 6.6% of the larvae
died through IGP in a period of only 1.4% of their life cycle, they provided evidence
that IGP was a major source of mortality for immature lacewings in cotton fields.
In another study, Meyhofer (2001) used multiple video cameras to investigate the
incidence of IGP on parasitized aphids in a sugar beet field. Nevertheless, such
studies are very time consuming and are likely to cause disturbance to the stud-
ied system, possibly invalidating any quantitative data on predation that may have
been recorded (Sunderland 1988; Symondson 2002). To overcome these difficul-
ties, a range of techniques have been developed that analyze the gut contents
of predators that were previously collected from the field. The main advantage of
these methods is that, before collection, the system under study is not disturbed
and the observed feeding event (or events) thus occurred naturally in the field
(Sunderland 1988; Symondson 2002; Harwood and Obrycki 2005).
2.4.2 The different gut-content analysis methods
The earliest methods of gut content analysis consisted of a gut dissection and vi-
sual identification of prey remains in the gut, often using a microscope. However,
many invertebrate predators feed by liquid ingestion, consuming no identifiable
remains. Therefore, a range of techniques have been developed to analyze the
gut content at the molecular level (Symondson 2002; Harwood and Obrycki 2005).
40
A literature review
These involve immunological, chemical and isotopic methods (reviewed in Sunder-
land 1988; Harwood and Obrycki 2005; Weber and Lundgren 2009a). Regarding
the identification of IGP by arthropods, three techniques are of particular interest:
the use of monoclonal antibodies, gas chromatography mass spectrometry (GC-
MS) and a DNA based approach (Aebi et al. 2011). A comprehensive comparison
between these three methods is shown in table 2.1. Each technique has its own
strengths and weaknesses, which will be discussed below.
Monoclonal antibodies react with an antigen of the target prey, which is being mea-
sured with an enzyme linked immunosorbent assay (ELISA). It is the most accurate
technique currently used in gut content analysis, as antibodies can be species- and
even life stage-specific (Symondson 2002; Aebi et al. 2011). Detection periods af-
ter prey consumption vary between a few hours (Hagler and Naranjo 1997) and
several days (Harwood et al. 2001). The major drawback for this method is the
fact that the production of a suitable antibody can be very costly and time consum-
ing and is a technically complex process. However, once available, monoclonal
antibodies are inexpensive to propagate and can be used to rapidly screen large
numbers of field samples (Symondson 2002; Harwood and Obrycki 2005).
In GC-MS, chemicals which are characteristic for the prey are isolated from the
predator by gas chromatography in order to identify diet components (Aebi et al.
2011). This method exhibits the least specificity, because chemical compounds
are rarely unique to a single species, thus posing potential prey identification lim-
itations if species with similar compounds also share the same ecological distri-
bution (Sloggett et al. 2009). However, this method has been proved useful in
several studies that investigated IGP by H. axyridis on other coccinellids (Hautier
et al. 2008; Sloggett et al. 2009; Hautier et al. 2011). Coccinellidae are a family that
is very suitable for this method because ladybird species possess taxonomically-
specific defensive alkaloids (Daloze et al. 1994). Detection periods after prey con-
sumption are highly variable, because target chemicals can be broken down, se-
questered or may remain in the predator as unmetabolised compounds (Sloggett
et al. 2011). Similar to those for monoclonal antibodies, detection times for GC-MS
can vary between a several hours and many days (Aebi et al. 2011). Two disad-
vantages of this technique are the high cost of the analytical equipment and the
fact that it cannot be used for prey species that do not contain such characteristic
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chemicals (Aebi et al. 2011).
DNA based techniques use a polymerase chain reaction (PCR) to amplify a prey
specific DNA fragment (King et al. 2008). Prey identification can be achieved to
species level, according to the primer specificity. However, differentiation between
life stage is not possible (Symondson 2002; Sheppard and Harwood 2005). De-
tection times are generally shorter compared to the other two methods, ranging
from a few to many hours (Greenstone et al. 2007; McMillan et al. 2007). DNA
based techniques have the major advantage that the facilities and expertise re-
quired is widely available. Furthermore, there is an enormous bank of sequence
information available (e.g. GenBank) for thousands of species, which can eas-
ily be accessed to provide species-specific targets for DNA analysis (Sheppard
and Harwood 2005). These factors, together with the relatively short time and
lower cost of development compared to monoclonal antibodies, have made DNA
approaches to most frequently used method for analysing predation through gut
content analysis over the past decade (Sheppard and Harwood 2005; Aebi et al.
2011).
Several potential errors of interpretation are associated with all of the above meth-
ods. Positive detection of a prey species in the predator does not necessarily
mean that the predator has directly killed and eaten the prey. False positives could
be caused by sample contamination, secondary predation or scavenging (Har-
wood and Obrycki 2005; Sheppard and Harwood 2005; Aebi et al. 2011). Sample
contamination could occur during collection in the field. For example, vacuum
suction sampling or sweep netting are often used because they enable rapid col-
lection of predators. However, contact between predators during sampling could
lead to surface-level contamination, invalidating predation estimates (Harwood
and Obrycki 2005). Secondary predation is the result of the detected prey being
eaten by another predator, which is in turn being consumed by the predator under
study. Using an aphid-spider-carabid system, Harwood et al. (2001) and Shep-
pard et al. (2005) quantified the potential error caused by secondary predation
for a monoclonal antibodies based and a DNA based method, respectively. Har-
wood et al. (2001) concluded that it was unlikely that secondary predation would
be a serious source of error during field studies. However, with the DNA based
technique, Sheppard et al. (2005) could detect secondary predation for up to 8h
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when Pterostichus melanarius (Illiger) (Coleoptera: Carabidae) fed on the spider
Tenuiphantes tenuis (Blackwall) (Araneae: Linyphiidae) that in turn had consumed
the aphid Sitobion avenae (F.) (Hemiptera: Aphididae). They concluded that the
extreme sensitivity of PCR reactions makes the detection of secondary predation
more likely than when monoclonal antibodies are used, and that this phenomenon
could be a substantial source of error in some predation studies. Foltan et al.
(2005) showed that PCR-based techniques are not able to distinguish between
food that was consumed through predation or scavenging by the carabid beetle P.
melanarius. Consequently, it is necessary to evaluate all these possible sources of
error prior to the development of a gut content analysis method and implementing
sampling programs (Harwood and Obrycki 2005).
2.4.3 Principles of a PCR-based gut-content analysis method
Choice of target gene
An important early decision when developing a PCR-based gut content analysis
system is what prey DNA sequence will be targeted. The many studies that inves-
tigated the use of PCR to analyse the gut content of invertebrate predators have
led to the consensus that highest prey detection success is achieved when the
prey DNA target is short (100-300 nucleotides in length) and present in multiple
copies in each cell (King et al. 2008; Aebi et al. 2011). These two criteria stand in
relation to the dynamics of digestion in the predator gut. A shorter DNA fragment
has a higher chance of surviving random digestion for a longer time than longer
sequences. If a target sequence is present in multiple copies, there is higher prob-
ability that one or more copies of the target site survive digestion, increasing the
PCR sensitivity (Aebi et al. 2011).
Evidence for the first criterion was delivered in several studies (e.g. Zaidi et al.
1999; Chen et al. 2000; Hoogendoorn and Heimpel 2001; Agusti et al. 2003). For
example, Hoogendoorn and Heimpel (2001) investigated the detectability of four
different sized fragments (492, 369, 256 and 150 bp) of the nuclear ribosomal ITS
1 sequence of the European corn borer Ostrinia nubilalis (Hübner) (Lepidoptera:
Crambidae) in the gut of the ladybird C. maculata. While the shortest fragment
(150 bp) was detectable for at least 12h after prey consumption, the two longest
fragments could no longer be detected after 4 and 5h, respectively.
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The majority of recent studies have targeted mitochondrial sequences, mainly be-
cause there are hundreds to thousands of copies of the mitochondrial genome
present within each invertebrate cell (Hoy 1994), compared to the two copies of
most nuclear genes (King et al. 2008; Aebi et al. 2011). The mitochondrial se-
quences that have been most often used are parts of the cytochrome oxidase
subunit I (COI) gene. The main reason for this is that a lot of sequence infor-
mation about the COI gene is already available on databases such as GenBank
(http://www.ncbi.nlm.nih.gov/genbank/) and in published papers (King et al. 2008;
Aebi et al. 2011). Consequently, there are many published sets of universal PCR
primers available (Folmer et al. 1994; Zhang and Hewitt 1996) that can be used to
amplify large sections of the COI gene in both the target prey and predator. The ob-
tained sequences can then be used to design PCR primers that are specific to the
prey species (King et al. 2008; Aebi et al. 2011). Furthermore, the COI sequence
shows considerable interspecific variation, making it useful for the development of
species-specific primers (King et al. 2008)
Other multicopy genes have also been successfully used in predation studies.
These include the mitochondrial cytochrome oxidase subunit II (COII) (e.g. Chen
et al. 2000; McMillan et al. 2007), cytochrome b (Pons 2006) and the mitochondrial
(12S and 16S) ribosomal genes (e.g. Harper et al. 2005). Target sequences in the
multicopy nuclear ribosomal genes have also been used (e.g. Hoogendoorn and
Heimpel 2001).
Assay optimization and evaluation
The best practice for developing a DNA-based gut content analysis assay was
reviewed by King et al. (2008). An overview of the basic procedure to do so is
shown in figure 2.12. Some key aspects will be discussed below.
After selecting the target gene, primers can be designed. Primer design is based
on alignment of sequences from target prey, nontarget prey and predators (King
et al. 2008). It is argued that it is best to generate own target gene sequences
for primer design, to guarantee that they originate from accurately identified spec-
imens (Aebi et al. 2011).
The quality of the assay is determined by both its specificity (only amplifying DNA
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Figure 2.12: Basic procedure to design and test primers for use as molecular
markers for predation studies under field conditions. Source: Aebi et al. (2011).
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of the target species) and sensitivity (the ability to detect very low amounts of
target DNA). Primers play a key role in both aspects (King et al. 2008). However,
optimizing PCR reaction conditions is equally important. Specificity and sensitivity
of a PCR depends on several parameters, such as the annealing temperature,
primer and Mg2+ concentration, polymerase enzymes, cycle number and PCR
enhancing enzymes such as bovine serum albumine (BSA). The optimal reaction
conditions should be determined empirically (King et al. 2008).
The consistency of amplifying DNA of the target prey has to be tested against sev-
eral prey individuals, ideally from different populations, to see if there is a steady
amplification of the target sequence across individuals. It is possible that there is
a high level of interspecific variation of the target gene, resulting in PCR primers
that do not bind in all sampled individuals, leading to failure in prey detection (Aebi
et al. 2011). Furthermore, specificity of the PCR assay should be investigated by
testing whether DNA from the predators and other nontarget organisms that may
be consumed by the predators in the studied system is amplified or not (King et al.
2008). The sensitivity can be measured using serial dilutions of prey DNA in a
constant concentration of predator DNA or by feeding experiments (see below)
(King et al. 2008; Aebi et al. 2011).
Calibratory feeding trials
Feeding experiments are an essential part of any PCR based prey detection ana-
lysis, and have to be performed before a new PCR primer can be used to assess
predation in the field (King et al. 2008; Aebi et al. 2011). For invertebrates, such
feeding trials consist of the feeding of a certain amount of target prey to the preda-
tors, which are then killed at various time intervals after ingestion of the prey (King
et al. 2008). That way, it is determined for how long after feeding DNA of the prey
can be detected in the predator gut. As it has been shown that there is a great
variability in post-feeding detection periods between different predators and prey,
it is important to perform feeding trials for each specific project (Aebi et al. 2011).
Feeding experiments represent an artificial situation (King et al. 2008; Aebi et al.
2011). Predators are generally starved beforehand, and the experiments are car-
ried out in Petri dishes or vials. The target prey species is the only food source,
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while in the field it may only represent a small part of the predator’s daily diet.
Controlled and often large amounts of prey are offered. In the field, predators may
be partially satiated and thus ingest smaller amounts. This could all lead to a bias
towards longer detection periods in the laboratory. Furthermore, digestion rates
(and consequently detection periods) can be affected by several factors, including
temperature, the amount of food already present in the gut and the predator’s ac-
tivity level. Therefore, results from feeding trials should be interpreted with caution
(King et al. 2008; Aebi et al. 2011).
Field validation
The ultimate goal of developing a DNA based gut content analysis method is
to detect predatory interactions in the field. Over the past decade, a series of
studies have used this molecular technique to study predation and trophic links in
various field systems (e.g. Juen and Traugott 2005; Harwood et al. 2007; Agusti
et al. 2003). Recently, DNA-based techniques have also been used to study IGP
among Coccinellidae in the field (Gagnon et al. 2011b; Thomas et al. 2012). The
above studies thus have confirmed that this molecular technique can effectively
contribute to elucidate trophic relationships, including IGP, in the field.
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Characterization of intraguild interactions between
Harmonia axyridis and Episyrphus balteatus
Redrafted after:
Ingels, B. and De Clercq, P. 2011. Effect of size, extraguild prey and habitat com-
plexity on intraguild interactions: a case study with the invasive ladybird Harmonia
axyridis and the hoverfly Episyrphus balteatus. BioControl, 56:871-882.
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3.1 Introduction
As pointed out in chapter 1, there is a lack of knowledge about IGP between H.
axyridis and non-coccinellid aphid predators, such as E. balteatus. Putra et al.
(2009) and Alhmedi et al. (2010) took first steps in filling this gap. However, in
both studies IGP between only a few developmental stages of both predators was
described merely under certain circumstances. To have a more complete view on
possible intraguild interactions between H. axyridis and E. balteatus, IGP between
all stages (including pupae and adults) should be investigated. Furthermore, sev-
eral factors have been shown to influence the outcome of IGP (see section 2.3.3).
Therefore, it is also important to take these into account when investigating IGP to
gain insights in the mechanisms that control this interaction. It has been argued
that this is necessary if any conclusions regarding the importance of IGP by H.
axyridis for its invasive success want to be drawn (Sloggett 2012).
The first objective of this study was to investigate the incidence, direction and mag-
nitude of IGP between all developmental stages of H. axyridis and E. balteatus in
the laboratory. Furthermore, the effect of relative size of the predators, presence
of extraguild prey, and habitat complexity on the frequency of IGP was studied.
Insight into the influence of these parameters on IGP interactions between the H.
axyridis and E. balteatus should provide an important first step towards under-
standing the ecological relevance of IGP between both predators.
3.2 Materials and Methods
3.2.1 Insects
In April 2008 and April 2009, individuals from an established wild population of H.
axyridis were collected in a park in Ghent, Belgium. From the collected ladybirds,
only the non-melanic succinea individuals were used to establish a laboratory pop-
ulation, since this morphotype is the most common in Europe (Brown et al. 2008a).
Individuals from up to the 10th generation of rearing were used for the experiments.
H. axyridis was reared on frozen E. kuehniella eggs, as described by De Clercq
et al. (2003) and Berkvens et al. (2008a). The eggs of E. kuehniella were obtained
from Koppert BV (Berkel en Rodenrijs, The Netherlands).
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A culture of E. balteatus was established with individuals collected in July 2008
and July 2009 in cabbage fields in Sint-Katelijne-Waver, Beitem and Kruishoutem,
Belgium. Adults were kept in Plexiglas cages (60 x 60 x 60 cm) and provided with
pollen and honey water. Broad bean plants (Vicia faba L.) infested with the pea
aphid A. pisum, were placed in the cages to allow syrphid oviposition. Emerged
larvae were individually transferred to small Petri dishes (5 cm in diameter, 1.5 cm
high) and fed with A. pisum. Pea aphids used in the experiments were obtained
from Koppert BV. All colonies and experiments were maintained at 23 ± 1°C, 65
± 5% RH and a 16:8h (L:D) photoperiod.
3.2.2 Effect of size and presence of extraguild prey on IGP
The incidence, direction and magnitude of IGP were investigated between single
individuals of either species. To understand the effect of the developmental stage
on IGP, intraguild interactions were investigated between the four larval instars, pu-
pae and adult females of non-melanic H. axyridis and the three larval instars and
pupae of E. balteatus. As there are no interactions between pupae, this resulted in
23 different combinations. In order to examine the influence of extraguild prey on
intraguild interactions, each combination of both predators was tested in the ab-
sence as well as in the presence of A. pisum. That way, 46 different combinations
were tested. Each combination was replicated 20 to 30 times.
Because aphid consumption increases for each successive instar of H. axyridis
and E. balteatus (Koch 2003; personal observations), the aphid density in treat-
ments with A. pisum was dependent on the developmental stage of both predators.
For every first or second instar present, 15 aphids were supplied. For every third
or fourth instar or adult, 30 aphids were provided. A combination of a first and
third instar, for example, thus resulted in a density of 45 aphids. Consumed aphids
were not replenished during the experiment. In all cases, a mixture of late larval
instars and adults of A. pisum were supplied.
First instars of both predators used in the experiments were less than 24 h old,
whereas the older instars were used up to 12 h after moulting. The gender of the
H. axyridis adults was determined using the method described by McCornack et
al. (2007). The adult females used were 1 to 2 weeks old and had been allowed
to mate. The pupae used were 1 to 3 days old. Before testing, the predators
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were transferred to individual Petri dishes only containing a moistened piece of
household paper. In this manner, second instars were starved for 16 h, whereas
third and fourth instars and adults were starved for 24 h.
The experimental arena consisted of a vented plastic Petri dish (5 cm in diameter,
1.5 cm high) in which a leaf disk of a broad bean plant was placed on agar (1%)
(fig. 3.1). During the first 90 minutes, the predators in the Petri dishes were ob-
served in order to record all contacts between them. A confrontation was regarded
as a contact when the opponents randomly met and separated again without any
further actions. A contact became an attack when one predator tried to feed on
the other. An attack was considered successful when it resulted in the death of the
prey. After 24 h, the survival of both insects was recorded.
A control treatment was carried out in order to check the survival of the different
stages during a 24 h period without food. For this purpose, 15 individuals of each
stage were starved as described above and were transferred to an individual Petri
dish containing a V. faba leaf disk on agar. After 24 h, survival was recorded. In
the case of interactions with pupae, adult emergence from pupae that had been
exposed to a predator was compared with that in the control treatment, in order to
determine the incidence of IGP.
3.2.3 Effect of size, extraguild prey and habitat complexity on
IGP
In order to investigate the influence of habitat complexity on IGP between H.
axyridis and E. balteatus, intraguild interactions were also studied on potted V.
faba plants. The experimental arena consisted of a Plexiglas cylinder (9 cm in
diameter, 20 cm high), covered with mesh screen cloth. The cylinder was placed
over a potted broad bean plant of approximately 15 cm high, with two to four fully
developed leaves. It was pushed about 1 cm into the potting soil, and fixed onto
the plant pots using Parafilm M (Picheney Plastic Packaging, Chicago, USA) (fig.
3.1).
The incidence, direction and magnitude of IGP was investigated between second
and third instars of E. balteatus, and second to fourth instars and adult females of
the non-melanic population of H. axyridis. As there were little or no interactions
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Figure 3.1: Experimental arenas. Left: Petri dishes, Right: Potted Vicia faba plants.
in Petri dishes with first instars of the coccinellid, the combinations with this instar
were not tested. The combinations involving pupae of either predator were also
not considered, because attacks on pupae by larvae or adults of the other species
were never observed in the Petri dish experiments. IGP in combinations with first
instars of the syrphid were not tested, since preliminary tests showed that because
of their small body size, dead or surviving first instars could not reliably be retrieved
in the arenas after 24 h.
The effect of extraguild prey on IGP was again investigated by testing each com-
bination both in the absence and presence of A. pisum. In the treatments with
aphids, the broad bean plants were infested with 40 adult aphids, 24 h before the
start of the tests. This resulted in an average of 150 ± 11 aphids (mean ± SE;
a mixture of adults and young nymphs) present on the plants at the start of the
experiments.
Prior to the experiments, the larvae and adults of both predators were treated in the
same way as in the Petri dish experiment described above. Each experiment was
replicated 15 times. At the start of the experiment, the larvae of E. balteatus were
placed on one of the oldest leaves of the plant, whereas the larvae and adults of
H. axyridis were placed at the base of the stem. After 1, 4 and 24 h, the position of
both predators on the plant was noted. The survival of the predators was recorded
after 24h.
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3.2.4 Statistical analysis
Data analysis was carried out using SPSS 15.0 (SPSS 2006). A generalized linear
model was used with a Poisson error distribution and a log link function (McCul-
lagh and Nelder 1989). Because the data showed quasi-complete separation, a
bionomial error distribution could not be used (Altman et al. 2004). Analysis started
each time with a saturated model and interactions and non-significant main fac-
tors were dropped at a significance level of 0.05. The most parsimonious model is
reported, using likelihood ratios to assure model fit.
3.3 Results
3.3.1 Effect of size and presence of extraguild prey on IGP
Observations during the first 90 minutes of the Petri dish experiments indicated
that all larval instars of E. balteatus used defence ploys upon attack by H. axyridis.
These consisted of oral slime secretions and fierce body movement. Table 3.1
shows the average number of contacts between the different combinations of both
predators, and the number and success rate of attacks by H. axyridis. For first
and second instars of E. balteatus the defence mechanisms were only effective
in a limited number of cases against first or second instars of the ladybird, which
were smaller or of similar size. Third instars of E. balteatus were more difficult
to capture. The slime secreted by these hoverfly larvae immobilized the larvae of
H. axyridis temporarily, causing them to retreat for cleaning. Third instars of E.
balteatus also tried to escape from their attacker by fiercely thrashing their body.
Attacks of E. balteatus against larvae of H. axyridis were rarely observed. Adults
of the ladybird were never attacked. Except for a few first instars of H. axyridis,
all larvae of the coccinellid were able to withstand a syrphid attack, by fiercely
moving their body back and forth, or by launching a counterattack. The mean
number of contacts increased with the age of both predators. Adding aphids to
the Petri dishes resulted in all combinations in a strong decline of the number of
contacts and attacks. With aphids present, both predators spent most of their time
consuming aphids instead of moving around.
The results of the Petri dish experiments are shown in figure 3.2. In the absence of
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Table 3.1: Number of contacts, percentage of contacts that resulted in an attack by Harmo-
nia axyridis on Episyrphus balteatus, and percentage of successful attacks for each tested
combination of both predators in Petri dishes, and both in the absence and the presence of
the aphid Acyrthosiphon pisum (means ± SE). L1 - L4, larval instars 1 - 4; A, adult.
E. balteatus H. axyridis Without aphids
Contacts % Attacks % Success
L1 L1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
L1 L2 2.25 ± 0.28 64.81 ± 6.50 60.00 ± 8.28
L1 L3 1.67 ± 0.19 52.50 ± 7.90 95.24 ± 4.65
L1 L4 1.83 ± 0.23 32.73 ± 6.33 100.00 ± 0.00
L1 A 2.40 ± 0.48 21.67 ± 5.32 100.00 ± 0.00
L2 L1 1.45 ± 0.28 0.00 ± 0.00 0.00 ± 0.00
L2 L2 3.03 ± 0.37 41.76 ± 5.17 15.79 ± 5.91
L2 L3 2.00 ± 0.28 62.07 ± 6.37 75.00 ± 7.22
L2 L4 1.61 ± 0.18 73.33 ± 6.59 81.82 ± 6.71
L2 A 4.36 ± 0.85 19.67 ± 3.60 79.17 ± 8.29
L3 L1 1.10 ± 0.24 3.03 ± 2.98 0.00 ± 0.00
L3 L2 4.10 ± 0.51 29.27 ± 4.10 0.00 ± 0.00
L3 L3 4.83 ± 0.58 32.41 ± 3.89 4.26 ± 2.94
L3 L4 3.43 ± 0.45 58.33 ± 5.03 26.79 ± 5.91
L3 A 8.23 ± 0.90 21.05 ± 2.59 3.84 ± 2.67
E. balteatus H. axyridis With aphids
Contacts % Attacks % Success
L1 L1 0.07 ± 0.07 0.00 ± 0.00 0.00 ± 0.00
L1 L2 0.12 ± 0.06 33.33 ± 27.22 100.00 ± 0.00
L1 L3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
L1 L4 0.07 ± 0.05 0.00 ± 0.00 0.00 ± 0.00
L1 A 0.55 ± 0.13 6.25 ± 6.05 100.00 ± 0.00
L2 L1 0.10 ± 0.07 0.00 ± 0.00 0.00 ± 0.00
L2 L2 0.23 ± 0.12 0.00 ± 0.00 0.00 ± 0.00
L2 L3 0.10 ± 0.07 0.00 ± 0.00 0.00 ± 0.00
L2 L4 0.27 ± 0.12 33.33 ± 19.25 100.00 ± 0.00
L2 A 0.86 ± 0.18 37.50 ± 9.88 88.89 ± 10.48
L3 L1 0.10 ± 0.07 0.00 ± 0.00 0.00 ± 0.00
L3 L2 0.25 ± 0.20 0.00 ± 0.00 0.00 ± 0.00
L3 L3 0.37 ± 0.12 18.18 ± 11.63 0.00 ± 0.00
L3 L4 0.25 ± 0.10 0.00 ± 0.00 0.00 ± 0.00
L3 A 1.55 ± 0.51 3.23 ± 3.17 0.00 ± 0.00
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extraguild prey, IGP was asymmetric, with H. axyridis being the intraguild predator
and E. balteatus the intraguild prey in all but one cases. Only when third instar
hoverfly larvae were paired with first instars of the coccinellid, E. balteatus could
act as an intraguild predator in 17% of cases. In the combinations with pupae,
there was no evidence of predation after the 24h test period. Therefore, the com-
binations with pupae were not included in the statistical analyses.
There was a strong 2-factor interaction between intraguild predator and prey stage
(χ2 = 30.34; df = 8; P < 0.001), between intraguild predator stage and presence of
extraguild prey (χ2 = 30.92; df = 4; P < 0.001) and between intraguild prey stage
and presence of extraguild prey (χ2 = 34.84; df = 2; P < 0.001). In the absence
of extraguild prey, a significant effect of the intraguild predator stage was found
(χ2 = 72.40; df = 4; P < 0.001), with an increase in the frequency of IGP with the
age of the H. axyridis larvae. In combinations with first or second instars of E.
balteatus, first instars of the coccinellid were less successful intraguild predators
than all other stages (for all contrasts χ2 > 9.66; df = 1; P < 0.002) (fig. 3.2a
and 3.2b, black bars). The frequency of IGP did not differ between combinations
with second or third instars of H. axyridis (for all contrasts χ2 < 0.13; df = 1; P >
0.324). There was also no difference between combinations with fourth instars or
adults of the coccinellid (for all contrasts χ2 < 1.84; df = 1; P + 0.077). However,
IGP occurred more often in the latter combinations than in those with second or
third instars of H. axyridis (for all contrasts χ2 > 4.39; df = 1; P < 0,036). For third
instars of the hoverfly, there was no difference in the frequency of IGP events when
paired with first or second instars of H. axyridis (χ2 = 2.83; df = 1; P = 0.093) (fig.
3.2c, black bars). IGP in those combinations was less frequent than in those with
older instars of the coccinellid (for all contrasts χ2 > 4.73; df = 1; P < 0.03). No
differences were observed between the combinations with third instars or adults
(χ2 = 0.46; df = 1; P = 0.455), but the frequency of IGP in those combinations was
lower than in that with fourth instars of H. axyridis (for all contrasts χ2 > 6.02; df =
1; P < 0.014), showing the highest level of IGP on third instars of E. balteatus.
The intraguild prey stage also had a significant effect on the incidence of IGP (χ2
= 74.00; df = 2; P < 0.001). In the absence of extraguild prey, first instars of E.
balteatus were more vulnerable to IGP than older hoverfly larvae (for all contrasts
χ2 > 4.92; df = 1; P < 0.026) in combinations with all developmental stages of H.
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Figure 3.2: Percentage of first instars (a), second instars (b) or third instars (c) of Episyr-
phus balteatus killed through intraguild predation by different stages of Harmonia axyridis in
Petri dishes, in the absence and presence of extraguild prey (aphids). L1 - L4, larval instars
1-4; A, adult. The effect of the IG predator stage is indicated by capital letters, the effect of
the presence of extraguild prey is indicated by lowercase letters. Bars with a different letter
are significantly different. Error bars represent SE-values.
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axyridis. Furthermore, IGP was less frequent in all combinations with third instars
of E. balteatus than in those with second instar hoverfly larvae (for all contrasts
χ2 > 4.55; df = 1; P < 0.033) (fig. 3.2).
Adding aphids to the containers resulted in a significant decrease of IGP in all
combinations where IGP occurred (for all contrasts χ2 > 4.95; df = 1; P < 0.026)
(fig. 3.2). The presence of aphids also altered the effect of the intraguild predator
stage on IGP, except in the combinations with second instars of E. balteatus. With
first instars of the hoverfly, the frequency of IGP did not differ between combina-
tions with first to fourth instars of H. axyridis (for all contrasts χ2 < 1.66; df = 1;
P > 0.197) (fig. 3.2a, grey bars). However, in the combination with adults of the
coccinellid, IGP was more frequent (for all contrasts χ2 > 5.20; df = 1; P < 0.023).
With third instars of the hoverfly, no effect of the developmental stage of H. axyridis
was found (for all contrasts χ2 < 3.77; df = 1; P > 0.052) (fig. 3.2c, grey bars).
With aphids present, the effect of the intraguild prey stage was not significant in
combinations with first, second and third instars of H. axyridis (for all contrasts χ2
< 2.793; df = 1: P > 0.095). In the combinations with fourth instars and adults of
the ladybird, IGP was less frequent on third instars of E. balteatus than on first or
second instars (for both contrasts χ2 > 5.19; df = 1; P < 0.023), but there was no
difference between first and second instars of the hoverfly (for both contrasts χ2
< 0.93; df = 1; P > 0.336) (fig. 3.2).
3.3.2 Effect of size, extraguild prey and habitat complexity on
IGP
In the absence of extraguild prey, H. axyridis individuals were found on the Plexi-
glas cylinder or the soil in at least half of the observations (Table 3.2). Individuals
of E. balteatus, however, were only found away from the plant in about 20% of
cases. Adding aphids to the arenas resulted in a drastic increase of individuals
that were found on the plant, averaging about 80% for H. axyridis and 95% for E.
balteatus.
The results of the experiments on potted broad bean plants are shown in figure
3.3. In this larger arena, IGP remained asymmetric, with H. axyridis being the
intraguild predator and E. balteatus the intraguild prey. All 2-factor interactions
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Table 3.2: Percentage of the total number of observations (means ± SE) in which individu-
als of Harmonia axyridis or Episyrphus balteatus were found on or off the broad bean plant,
for each tested combination of both predators, and both in the absence and presence of the
aphid Acyrthosiphon pisum. L2 - L4, larval instars 2-4; A, adult.
Location H. axyridis
E. balteatus H. axyridis Without aphids With aphids
on plant off plant on plant off plant
L2 L2 47.7 ± 7.5 52.3 ± 7.5 77.8 ± 6.2 22.2 ± 6.2
L2 L3 44.4 ± 7.4 55.6 ± 7.4 91.1 ± 4.2 8.9 ± 4.2
L2 L4 26.7 ± 6.6 77.3 ± 6.6 64.4 ± 7.1 35.6 ± 7.1
L2 A 44.4 ± 7.4 55.6 ± 7.4 77.8 ± 6.2 22.2 ± 6.2
L3 L2 38.6 ± 7.3 61.4 ± 7.3 91.1 ± 4.2 8.9 ± 4.2
L3 L3 40.0 ± 7.3 60.0 ± 7.3 84.3 ± 5.1 15.7 ± 5.1
L3 L4 40.0 ± 7.3 60.0 ± 7.3 70.6 ± 6.4 29.4 ± 6.4
L3 A 31.1 ± 6.9 68.9 ± 6.9 84.4 ± 5.4 15.6 ± 5.4
Location E. balteatus
E. balteatus H. axyridis Without aphids With aphids
on plant off plant on plant off plant
L2 L2 80.0 ± 7.0 20.0 ± 7.0 100.0 ± 0.0 0.0 ± 0.0
L2 L3 55.0 ± 11.1 45.0 ± 11.1 100.0 ± 0.0 0.0 ± 0.0
L2 L4 100.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0
L2 A 76.9 ± 11.7 23.1 ± 11.7 91.6 ± 4.6 8.1 ± 4.6
L3 L2 86.7 ± 5.1 13.3 ± 5.1 95.6 ± 3.1 4.4 ± 3.1
L3 L3 81.4 ± 5.9 18.6 ± 5.9 100.0 ± 0.0 0.0 ± 0.0
L3 L4 82.9 ± 5.9 17.1 ± 5.9 98.0 ± 2.0 2.0 ± 2.0
L3 A 58.5 ± 7.7 41.5 ± 7.7 88.4 ± 4.9 11.6 ± 4.9
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were significant (for all contrasts χ2 > 4.02; df = 1; P < 0.04), except for the
interaction between intraguild predator stage and extraguild prey (χ2 = 4.82; df =
3; P = 0.186), and between intraguild predator stage and habitat complexity (χ2 =
6.57; df = 3; P = 0.087).
On potted plants, the effect of the intraguild predator stage was significant (χ2 =
25.73; df = 3; P < 0.001), and independent of the presence of aphids. In the
combinations with second instars of E. balteatus, no differences in the frequency
of IGP could be detected between second, third and fourth instars of H. axyridis
(for all contrasts χ2 < 1.56; df = 1; P > 0.212) (fig. 3.3a). However, the level of
IGP in combinations of these hoverfly larvae with adult coccinellids was different
from the combinations with the larval stages of H. axyridis (for all contrasts χ2 >
8.57; df = 1; P < 0.003). When the coccinellid was paired with third instars of the
hoverfly, IGP occurred less frequently with second instars of the ladybird than in
combinations with other stages (for all contrasts χ2 > 7.30; df = 1; P < 0.007)
(fig. 3.3b). There were no differences in IGP between third and fourth instars and
adults of the coccinellid (for all contrasts χ2 < 1.04; df = 1; P > 0.308).
The intraguild prey also had a significant effect on the incidence of IGP (χ2 =
46.08; df = 1; P < 0.001). In the absence of aphids, IGP was more frequent in
combinations with second instars compared to third instars of E. balteatus, and
this for all stages of H. axyridis (for all contrasts χ2 > 4.06; df = 1; P < 0.044)
(fig. 3.3). When aphids were added, the same differences were found, except for
the combinations with fourth instars of H. axyridis where no significant difference
in IGP between second and third instars of E. balteatus was found (χ2 = 1.85; df
= 1; P = 0.174).
Adding extraguild prey to the arena resulted again in a significant decrease in IGP
events (χ2 = 27.17; df = 1; P < 0.001) (fig. 3.3). The effect of habitat complexity
was independent of the stage of H. axyridis. In combinations with third instars of
E. balteatus, the frequency of IGP did not differ between Petri dishes and potted
plants, both in the absence and the presence of extraguild prey (for both contrasts
χ2 < 1.93; df = 1; P > 0.164). In combinations with second instars of the hoverfly,
habitat complexity affected the incidence of IGP, again both in the absence and
presence of extraguild prey (for both contrasts χ2 > 3.89; df = 1; P < 0.049).
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Figure 3.3: Percentage of second instars (a) or third instars (b) of Episyrphus balteatus
killed through intraguild predation by different stages of Harmonia axyridis on potted broad
bean plants, in the absence and presence of extraguild prey (aphids). L2 - L4, larval instars
2-4; A, adult. The effect of the IG predator stage is indicated by capital letters, the effect of
the presence of extraguild prey is indicated by lowercase letters. Bars with a different letter
are significantly different. Error bars represent SE-values.
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3.4 Discussion
In the present laboratory study, IGP between H. axyridis and E. balteatus occurred
frequently, and was always asymmetric. The coccinellid acted as the intraguild
predator and the syrphid as the intraguild prey in all but one cases. Our study
corroborates the findings of Putra et al. (2009) and Alhmedi et al. (2010), who
reported that IGP between larvae of H. axyridis and E. balteatus was in the majority
of cases asymmetric in favour of the coccinellid.
In our study, there was a significant effect of the developmental stage of both in-
teracting species on the frequency of IGP. Early instars of E. balteatus were most
vulnerable to IGP, and older larvae and adults of H. axyridis were the strongest in-
traguild predators. This effect was the clearest in Petri dishes and in the absence
of aphids. Furthermore, in most of the tested combinations, the larger individuals
behaved as intraguild predators on the smaller intraguild prey, which is consistent
with the general rule of Polis et al. (1989). In other IGP studies with H. axyridis,
this ladybird also acted as an intraguild predator on smaller opponents. More-
over, when larvae of the ladybird were combined with predators of similar size,
H. axyridis remained the intraguild predator in most of the cases (Cottrell and
Yeargan 1998; Kajita et al. 2000; Snyder and Ives 2003; Félix and Soares 2004;
Gardiner and Landis 2007; Ware and Majerus 2008). Larvae of E. balteatus were
found to act as intraguild predators on smaller nymphs of Macrolophus caliginosus
Wagner (Hemiptera: Miridae) (Frechette et al. 2007), and on smaller larvae of C.
septempunctata (Hindayana 2001).
However, not in all confrontations studied here did the larger individuals act as the
intraguild predators. When the larvae of E. balteatus were larger than those of H.
axyridis they were paired with, they did not act as intraguild predators. This indi-
cates that, besides body size, other factors such as behavioural or morphological
attributes can affect the outcome of intraguild interactions (Lucas et al. 1998; Hin-
dayana 2001; Ware and Majerus 2008). Larvae of H. axyridis frequently attacked
those of E. balteatus, whereas attacks by hoverfly larvae were rarely observed.
All larval instars of E. balteatus showed defence ploys, but they were not very ef-
fective against H. axyridis. On the other hand, larvae of the ladybird could easily
withstand attacks by hoverfly larvae. Larvae of H. axyridis possess thick dorsal
spines, which protect them against potential predators (Michaud and Grant 2003;
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Ware and Majerus 2008). Such dorsal spines are also present, but not as pro-
nounced, on young larvae of C. septempunctata (Ware and Majerus 2008), which
may in part explain why third instars of E. balteatus could kill smaller larvae of the
latter ladybird in the study of Hindayana (2001), but not those of H. axyridis in the
current study.
Our results show that adding extraguild prey to the experimental arena resulted in
a decrease of the level of IGP, independent of the size of the arena. However, IGP
still occurred in most of the combinations, and the symmetry and direction of the
interactions was never altered. The presence of extraguild prey has been reported
to increase or decrease the intensity of IGP, or to have no effect (Lucas et al. 1998).
A decrease of IGP in the presence of extraguild prey, can be explained by several
mechanisms. First, this may be the result of a difference in prey preference, due to
differences in quality between the intraguild and extraguild prey related to a higher
nutritional value, or lower energy expenses or damage during hunting, or both.
Second, the presence of extraguild prey may affect the foraging behaviour of a
predator (Hindayana 2001). In our study, in the presence of extraguild prey, both
predators focused on the consumption aphids rather than moving around in search
for food. This reduced the chance of them encountering, even in the small Petri
dish arena’s, and thus leading to a lower level of IGP. Furthermore, the percentage
of contacts leading to an attack was lower compared to the same combination
without aphids. The intraguild predators may have been satiated by feeding on
aphid prey, and more reluctant to take the risk of injury associated with attacking
another predator. Together with a lack of prey preference or a preference for the
extraguild prey, this would lead to fewer attacks on the intraguild prey.
Third, Yasuda et al. (2004) showed that at higher levels of food supply the growth
rate of the intraguild prey increased, reducing the incidence of IGP in interactions
between ladybirds. A similar effect was observed in our experiments, especially
in the case of third instars of E. balteatus. In the control treatment, all third instars
of the hoverfly survived a 48h starving period, but showed only limited activity at
the end of this period. In contrast, when those larvae were allowed to feed on
aphids, they had grown and were much more active, resulting in a greater vigour
and ability to withstand attacks by H. axyridis.
The size of the experimental arena did not have a significant effect on the fre-
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quency of IGP in combinations with third instars of E. balteatus. However, in com-
binations with second instars of the hoverfly, habitat complexity did affect IGP. In
a number of previous studies the size of the arena had a clear effect on the inten-
sity of IGP, with smaller and more simple arenas generating higher levels of IGP.
For example, Chang (1996) found that, although C. carnea and C. septempunc-
tata larvae consumed each other in Petri dishes, they did not affect one another’s
impact on aphid populations on potted broad bean plants. In the experiments
of Hindayana (2001), IGP still occurred between E. balteatus, C. carnea and C.
septempunctata on broad bean plants, but it was reduced approximately fivefold
compared with that in Petri dishes. Conversely, in interactions between H. axyridis
and P. maculiventris without extraguild prey, there was no lower incidence of IGP
on potted broad bean plants than in Petri dishes (De Clercq et al. 2003).
According to Kajita et al. (2006) and Janssen et al. (2007), habitat structure can
influence IGP through different mechanisms. First, predators have more opportu-
nity in larger arenas to avoid contact with each other, reducing encounter rates. In
the experiments of Hindayana (2001), the volume and searching area of the arena
increased by 200 and 40 times, respectively, when plants were used compared to
Petri dishes. This resulted in a significant decrease of IGP between E. balteatus
and C. septempunctata larvae. In our experiments, the increase in volume and
searching area was only 43 and 20 times, and did not result in a significant de-
crease in IGP on third instars of E. balteatus. On the other hand, H. axyridis is a
more voracious ladybird and a stronger intraguild predator than C. septempunc-
tata (Ware and Majerus 2008), which complicates a comparison of the findings of
our study with those of Hindayana (2001).
A second way to avoid confrontation is by hiding in refuges. In a highly structured
habitat, more refuge patches may be present (Denno and Finke 2006). The effect
on IGP would be the clearest if different refuges are used by predator and prey,
protecting the prey from predation (Janssen et al. 2007). Second instars of E.
balteatus are smaller than third instars, which could enable them to hide in refuges
(e.g. leaf axils) more effectively. This may explain why in our experiments there
was an effect of arena size on IGP on second instars of the hoverfly, but not on
third instars.
Petri dishes constitute a small and very artificial environment. This kind of arena
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serves only to show the potential outcome of predatory interactions between two
species and to estimate the effectiveness of attack and defence mechanisms
(Levin 1992). Plants are an improvement over Petri dish arenas, but they may still
have important limitations. As Kajita et al. (2006) pointed out, only one species
of host plant is included in such experiments, whereas results could vary among
host plant species. The outcome of IGP experiments could also vary if more than
one plant of the same species is provided. The intraguild prey could then avoid
plants or extraguild prey patches that are occupied by intraguild predators, lead-
ing to spatial segregation between the predators (Janssen et al. 2006). Further-
more, migration away from the plant is prevented by the enclosure, which can be
an important behavioural response of ladybird larvae when prey become scarce
(Shellhorn and Andow 1999; Sato et al. 2003). In the present plant experiments,
H. axyridis was observed more frequently on the Plexiglas cylinder or on the soil in
the absence of extraguild prey compared to when aphids were provided. Finally,
IGP experiments involving immature stages do not consider potential avoidance
behaviours of adult females when selecting oviposition sites. Putra et al. (2009)
and Almohamad et al. (2010) demonstrated that E. balteatus females laid signif-
icantly fewer eggs on leafs contaminated with larval tracks of H. axyridis, thus
reducing the risk of predation to their progeny. An appropriate selection of oviposi-
tion sites by E. balteatus is crucial given the limited mobility of its larvae, preventing
migration when prey become scarce. Given the above limitations, it is difficult to
extrapolate the results from plant cage experiments to predict the incidence of IGP
between two given predators in the field.
In conclusion, the present laboratory study indicates that H. axyridis can act as an
intraguild predator of larvae of E. balteatus, with the young syrphid larvae being the
most vulnerable to IGP. Furthermore, the influence of extraguild prey and size of
the experimental arena were also assessed. In the next two chapters, the effect of
these two factors is further investigated, together with the influence of plant species
(chapter 4) and larval diet (chapter 5). This will further improve our understanding
of the mechanisms that control IGP by H. axyridis on E. balteatus.
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CHAPTER 4
Influence of plant characteristics on intraguild
interactions between Harmonia axyridis and
Episyrphus balteatus
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4.1 Introduction
In the field, plants serve as the platform on which higher trophic levels (herbivores
and predators) interact (Straub and Snyder 2008). Variation in plant characteris-
tics, such as plant surface and structure, have been shown to affect the species
that forage on these plants, for example by interfering with their attachment and
mobility. Consequently, predator efficiency can also be influenced (Kareiva and
Sahakian 1990; Eigenbrode et al. 1996; Legrand and Barbosa 2003; Straub and
Snyder 2008). For example, Aquilino et al. (2005) investigated predation on the
aphid A. pisum by the ladybirds H. axyridis and C. maculata on three plant species
with a different plant structure: V. faba (simple structure) versus Medicago sativa
L. and Trifolium pratense L. (more complex structure). They found that predation
was lower on V. faba compared to the more complex structured plants. This was
explained by the fact that the simple structure of V. faba allowed A. pisum to detect
predators and escape by dropping off the plant earlier than on complex plants.
However, in a study with C. septempunctata as predator of A. pisum on pea plants
(Pisum sativum L.), it was found that predation efficiency decreased with an in-
creased plant complexity (Legrand and Barbosa 2003). The authors used three
P. sativum varieties with different degrees of leaf complexity. The lower preda-
tion on complex plants was caused by the fact that C. septempunctata could not
search as efficiently for prey on complex leaves compared to leaves with a more
simple structure (Legrand and Barbosa 2003). In addition to plant structure, plant
surface characteristics can also affect foraging predators. Leaf trichomes have
been found to interfere with the mobility of various predatory species such as P.
quatuordecimpunctata, C. carnea and Anthocoris nemorum L. (Heteroptera: An-
thocoridae) (Ferran and Dixon 1993; Rosenheim et al. 1999; Björkman and Ahrné
2005). Furthermore, leaf wax also influences predator movement, with in general
a higher mobility and better prey suppression on plants with a reduced wax layer
(Eigenbrode et al. 1995, 1996, 1998).
As plant characteristics interfere with interactions between predators and their her-
bivore prey, they will also affect interactions within the predatory guild. For exam-
ple, intraguild predation between predatory mites decreased on plants where leaf
structures such as trichomes or domatia were present, as they provided refuges
for the IG prey (Roda et al. 2000; Norton et al. 2001). Furthermore, a more com-
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plex plant structure leads to an increased habitat complexity, and thus could result
in a lower incidence of IGP (see section 2.3.3 and Janssen et al. 2007).
In this study, we build upon the knowledge obtained in chapter 3 by investigating
the role of another factor, i.e. plant species, in regulating intraguild interactions
between H. axyridis and E. balteatus. Using plant species with a different archi-
tecture, the effect of resulting differences in habitat complexity can be assessed.
By using plant species with a different leaf surface composition, it is also possible
to investigate the influence of trichomes and wax layers on the occurrence of IGP.
Experiments were performed both in the absence and presence of aphids in order
to assess the influence of extraguild prey on IGP, as found in chapter 3.
4.2 Materials and Methods
4.2.1 Insects
In April 2011, individuals from an established wild population of H. axyridis were
collected in a park in Ghent, Belgium. From the collected ladybirds, only the non-
melanic succinea individuals were used to establish a laboratory population, since
this morphotype is the most common in Europe (Brown et al. 2008a). Individuals
from the 8th generation of rearing were used in the experiments. H. axyridis was
reared on frozen E. kuehniella eggs, as described by De Clercq et al. (2003) and
Berkvens et al. (2008a). The eggs of E. kuehniella were obtained from Koppert
BV (Berkel en Rodenrijs, The Netherlands).
A culture of E. balteatus was established with individuals collected in July 2011 in
wheat fields near the Walloon Agricultural Research Centre in Gembloux, Belgium.
Adults were kept in Plexiglas cages (60 x 60 x 60 cm) and provided with pollen and
honey water. Broad bean plants (V. faba) infested with the pea aphid A. pisum were
placed in the cages to allow syrphid oviposition. Emerged larvae were individually
transferred to small Petri dishes (5 cm in diameter, 1.5 cm high) and fed with A.
pisum. All colonies and experiments were maintained at 23 ± 1°C, 65 ± 5% RH
and a 16:8h (L:D) photoperiod.
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4.2.2 Experiments
Intraguild interactions between H. axyridis and E. balteatus were investigated on
5 different plant species: V. faba (broad bean), Capsicum annuum cv. California
Wonder (pepper), Lycopersicon esculentum cv. Moneymaker (tomato), Nicotiana
tabacum (tobacco) and Nicotiana glauca (tree tobacco). These plant species were
chosen because they are important agricultural crops and are easy to grow in the
laboratory. Furthermore, they differ in plant architecture (based on leaf density
and branching of the stem) and structure of the leaf surface. The broad bean and
tomato plants had a relatively simple structure, with an unbranched stem and only
a few small leaves. In contrast, pepper and the two tobacco species were more
complex in architecture, with more branches on the stem in the case of pepper
and a higher number of larger leaves for all three species. Further, broad bean
and pepper have leaves with a smooth surface and only a thin amorphous surface
wax film (e.g. White and Eigenbrode 2000; Verheggen et al. 2009). In contrast,
the leaves of tomato and tobacco are covered with trichomes (Simmons and Gurr
2004; Verheggen et al. 2009) and those of tree tobacco were smooth with a thick
cuticular wax layer (Cameron et al. 2006).
For each species, plants of approximately 15 cm were used. The number of leaves
on those plants differed between species, with three to four fully grown leaves for
tomato, four to six for broad bean, six to eight for both tobacco species and about
fifteen for pepper plants (fig. 4.1). Each plant was placed individually in a plastic
pot with a diameter of 20 cm. The experimental arena consisted of a Plexiglas
cylinder (18 cm in diameter, 25 cm high) that was placed over the plant. The
cylinders were pushed approximately 1 cm into the soil, to prevent the insects
from escaping. The top of the cylinder was sealed with mesh screen cloth (fig.
4.2).
Fourth instars of H. axyridis and third instars of E. balteatus were used in the
experiments. Fourth instars of the coccinellid were chosen as they are considered
the most aggressive and voracious developmental stage (Yasuda and Ohnuma
1999). Furthermore, previous experiments have shown that this stage engages
most frequently in IGP with E. balteatus (see chapter 3). In the same study, third
instars of E. balteatus were susceptible to attacks of H. axyridis, but were more
resilient compared to younger hoverfly larvae. A possible effect of plant species
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Figure 4.1: The five different plant species. From left to right: Nicotiana glauca, Nicotiana
tabacum, Vicia faba, Lycopersicon esculentum and Capsicum annuum.
Figure 4.2: Experimental arena used in the experiments.
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on intraguild interactions between these two species was thus assumed to be the
most apparent in interactions between these two stages.
Maximum 12 h after moulting to the desired developmental stage, larvae of both
species were transferred to individual Petri dishes only containing a moistened
piece of household paper. In this manner, the larvae were starved for 24 h. After
this starvation period, one individual of both predators was transferred to each
cylinder. The H. axyridis larva was placed at the base of the stem, while the E.
balteatus larva was placed on one of the leaves (given its lower mobility). Once
both predators had been placed in the arenas, the experiment started.
The arenas were examined after 2, 4, 6, 8 and 24 h, and the location and survival
of both larvae was noted. The experiment was terminated after 24h. For each plant
species, between 16 and 20 replicates were done. The experiment was executed
in four runs, in which each time at least three replicates of each plant species were
done.
To investigate the influence of extraguild prey on intraguild interactions, the exper-
iment was repeated using plants that were infested with the aphid Myzus persicae
Sulzer (Hemiptera: Aphididae). However, in this case only three plant species
(broad bean, pepper and tomato) were used. Each plant was infested with 100
individuals of M. persicae (mixed stages) 16 h before the start of the experiment.
Preliminary experiments indicated that this would result in at least 80 aphids per
plant at the start of the test, a sufficient amount to satisfy the nutritional daily
needs of both predators. In this case, 11 replicates were performed for each plant
species. The experiment was executed in three runs, with at least three replicates
of each plant species per run.
4.2.3 Statistical analysis
Data analysis was carried out using SPSS 19.0 (SPSS 2010). A generalized linear
model was used with a binomial error distribution and a logit link function (McCul-
lagh and Nelder 1989). In some cases the data showed quasi-complete sepa-
ration, preventing the use of a bionomial error distribution (Altman et al. 2004).
In those cases, a Poisson error distribution and a log link function were used in-
stead. Analysis started each time with a saturated model and interactions and
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non-significant main factors were dropped at a significance level of 0.05. The
most parsimonious model is reported, using likelihood ratios to assure model fit.
4.3 Results
The influence of plant species and the presence of extraguild aphid prey on the
frequency of IGP by H. axyridis on E. balteatus was monitored on 5 occasions
during the course of the experiments. First of all, there was no influence of the
presence of aphids on the incidence of IGP (χ2 ≤ 1.80; df = 1; P ≥ 0.180 for
all contrasts). Furthermore, there was no interaction between plant species and
the presence of extraguild prey for each monitored occasion (χ2 ≤ 1.87; df = 2;
P ≥ 0.392 for all contrasts). Consequently, the data of the experiments with and
without aphids was pooled for further statistical analysis.
The frequency of IGP by H. axyridis on E. balteatus after the different time inter-
vals, irrespective of the presence of aphids, is shown in figure 4.3. This frequency
increased significantly over time for each plant species (χ2 = 45.45; df = 4; P ≤
0.001). At each point in time, there was a significant influence of the plant species
on the occurrence of IGP (χ2 ≥ 11.87; df = 4; P ≤ 0.018 for all contrasts). While
the differences among plant species varied slightly over time, no interaction was
found between plant species and time interval (χ2 = 6.58; df = 16; P = 0.981). The
frequency of IGP on pepper plants was at all times higher than on tomato and on
both tobacco species (χ2 ≥ 4.41; df = 1; P ≤ 0.036 for all contrasts). Further,
there never was a difference between pepper and bean plants (χ2 ≤ 3.68; df =
1; P ≥ 0.055 for all contrasts). The frequency of IGP on bean plants tended to
be higher than on tomato and the two tobacco species, but this difference was not
significant after 2 and 4h (χ2 ≤ 3.68; df = 1; P ≥ 0.055 and χ2 ≤ 1.96; df = 1; P
≥ 0.162, respectively). After 6h, IGP on broad bean was only significantly higher
than on N. tabacum (χ2 = 3.89; df = 1; P = 0.049), and after 8h this difference was
only significant when compared to N. tabacum and tomato (χ2 = 4.01; df = 1; P
≥ 0.045 and χ2 = 4.11; df = 1; P ≥ 0.043, respectively). After 24h, IGP on broad
bean was significantly higher than on tomato and on both tobacco species (χ2 ≤
5.57; df = 1; P ≥ 0.018 for all contrasts). It thus appears that the incidence of IGP
increased slightly slower in time on broad bean compared to the other tested plant
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species. IGP was never different among tomato, N. tabacum and N. glauca (χ2 ≤
1.15; df = 1; P ≥ 0.284 for all contrasts).
The location in the arena where an IGP event took place for each plant species
is shown in table 4.1. As to the influence of plant species and extraguild prey on
the location of an IGP event, there was no interaction between these two factors
(χ2 = 1.94; df = 2; P = 0.380). When aphids were present, the number of IGP
events occurring on the plant tended to be higher than when there were no aphids
on the plants. However, this difference was not significant (χ2 =2.81; df = 1; P
= 0.094). Because extraguild prey did not influence the location of an IGP event,
the data of the experiments with and without aphids was again pooled for further
analysis. The location of an IGP event depended on the plant species (χ2 = 17.32;
df = 4; P = 0.002). Whereas all IGP events occurred on the plant in the case of
broad bean, the frequency of IGP events on the plants was lower on tomato, N.
tabacum and N. glauca (χ2 ≥ 4.96; df = 1; P ≤ 0.026 for all contrasts). No
significant difference was found between broad bean and pepper (χ2 = 3.45; df =
1; P = 0.063). Furthermore, IGP occurred more on pepper plants than on tomato
plants (χ2 = 7.78; df = 1; P = 0.005). No differences were found among tomato,
N. tabacum and N. glauca (χ2 ≤ 2.65; df = 1; P ≥ 0.103 for all contrasts), where
IGP occurred on the plant in 20 to 60% of cases.
The location where E. balteatus was found during the experiment is shown in table
4.2. The presence of aphids had a significant effect on the location of E. balteatus
(χ2 = 7.08; df = 1; P = 0.008), leading to an increased presence of the larvae on
the plants. Because of this influence of aphids, the data from the experiments with
and without aphids was analysed separately. When there were no aphids present,
the plant species influenced the location of the hoverfly larvae (χ2 = 13.01; df =
4; P = 0.011). There was no difference between pepper and tomato plants (χ2 ≤
0.01; df = 1; P = 0.989), for which E. balteatus was found in about 70% of cases
on the plant, being less often than on broad bean or N. tabacum (χ2 ≥ 4.13; df
= 1; P ≤ 0.042 for all contrasts). No difference was found between broad bean
and N. tabacum (χ2 = 1.02; df = 1; P = 0.314). The location of the hoverfly larvae
on N. glauca did not differ significantly from that on any other plant species (χ2 ≤
3.67; df = 1; P ≥ 0.055 for all contrasts). When aphids were present, there was no
longer an effect of plant species on the location of E. balteatus (χ2 = 0.98; df = 2;
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Figure 4.3: Percentage of third instars of Episyrphus balteatus killed through IGP by fourth
instars of Harmonia axyridis at different times during the course of the experiments, irre-
spective of the presence of the aphid Myzus persicae. For each time, bars with a different
letter are significantly different. Error bars represent SE-values.
Table 4.1: The number of IGP events observed (n), and the percentage of those
IGP events (mean ± SE) that occurred on or off the plant. Data from plants with
and without aphids were pooled as the presence of extraguild prey did not affect
IGP. Values within a column followed by a different letter are significantly different.
Plant species n Location IGP event (%)
On plant Off plant
C. annuum 27 70.37 ± 8.79 ab 29.63 ± 8.79 ab
L. esculentum 14 21.43 ± 10.97 c 78.57 ± 10.97 c
V. faba 25 100.00 ± 0.00 a 0.00 ± 0.00 a
N. tabacum 9 55.60 ± 16.56 bc 44.40 ± 16.56 bc
N. glauca 8 37.50 ± 17.12 bc 62.50 ± 17.12 bc
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P = 0.612).
Table 4.3 shows the location of H. axyridis larvae during the experiment. When
aphids were present, ladybird larvae were found on the plants more frequently
than without aphids (χ2 = 37.24; df = 1; P ≤ 0.001). Therefore, the data from
the experiments with and without aphids was analysed separately. In the absence
of aphids, the plant species affected the location of H. axyridis (χ2 = 62.33; df =
4; P ≤ 0.001). In the treatment with tomato plants, H. axyridis was always found
on the Plexiglas cylinder or on the soil and never on the plant. Consequently,
the results for tomato plants were significantly different from all the other species
(χ2 ≥ 4.10; df = 1; P ≤ 0.043 for all contrasts). On both tobacco species, H.
axyridis was present on the plants in about 10% of the observations (χ2 = 0.99;
df = 1; P = 0.321). The ladybird larvae were found on the broad bean and pepper
plants in about 50% of cases (χ2 = 0.04; df = 1; P = 0.848), a frequency that was
higher than that on the tobacco species (χ2 ≥ 23.10; df = 1; P ≤ 0.001 for all
contrasts). When aphids were present, the plant species also affected the location
of H. axyridis. Ladybird larvae were found on the plant in about 90% of cases on
pepper, in 65% of cases on broad bean and in 20% of cases on tomato. These
results were significantly different among the different plant species (χ2 ≥ 9.46; df
= 1; P ≤ 0.002 for all contrasts).
4.4 Discussion
In this study, IGP between H. axyridis and E. balteatus was investigated on 5
different plant species, which differed in plant architecture and leaf surface char-
acteristics. Like in chapter 3, IGP was always asymmetric, with fourth instars of H.
axyridis acting as intraguild predator on third instars of E. balteatus. Furthermore,
the frequency of IGP on bean plants in this study (IGP in about 90% of cases, irre-
spective of the presence of extraguild prey) was similar to that found in the potted
plant experiments in chapter 3.
In the present study, there was a clear influence of the plant species on the occur-
rence of IGP for each measured time interval. Based on the frequency of IGP, the
investigated plant species could be divided into two groups: a group with high IGP
(containing pepper and broad bean, with ca. 90% IGP after 24h) and a group with
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intermediate IGP (containing tomato, N. tabacum and N. glauca, with ca. 50%
IGP after 24h). Both groups contain plant species with a relatively simple plant
architecture (broad bean and tomato) as well as more complex structured ones
(pepper and both tobacco species). Consequently, the observed differences in
IGP between plant species do not appear to be caused by plant structure char-
acteristics like the number and size of the leaves. This was not expected, as an
increase in habitat complexity has been shown to decrease the incidence of IGP
among arthropods (Janssen et al. 2007). However, when studying IGP between
H. axyridis and C. carnea on four plant species (V. faba, Brassica chinensis L.,
Hordeum vulgare L. and U. dioica) in the laboratory, Wells (2011) found no dif-
ferences in the level of IGP on these differently structured plants. Furthermore,
increasing habitat complexity from a Petri dish to a potted plant in the experiments
in chapter 3 did not always alter IGP interactions between H. axyridis and E. baltea-
tus. This suggests that the increase in habitat complexity obtained in this kind of
small scale laboratory experiments is probably too small to produce any measur-
able effects.
The plant species in the group with high IGP have a simple leaf surface with a
thin amorphous wax layer, while those in the group with intermediate IGP possess
leaves with either trichomes or a thick wax layer. This indicates that the influence
of plant species on IGP in our experiments was linked to the structure of the leaf
surface. Both the presence of trichomes and wax blooms have been shown to
interfere with the mobility and predation capacities of a variety of natural enemies
(Eigenbrode et al. 1998; White and Eigenbrode 2000; Björkman and Ahrné 2005).
For example, the walking speed of Encarsia formosa Gahan (Hymenoptera: Aphe-
linidae), a whitefly parasitoid, was reduced three times on cucumber leaves with
a high trichome density compared to varieties with hairless leaves (Boethel and
Eikenbary 1986). Similarily, the mobility of the ladybird H. convergens was lower
on leaves with a thick wax layer (Eigenbrode et al. 1995, 1998; White and Eigen-
brode 2000). For example, on P. sativum plants with reduced wax blooms, H.
convergens spent more time walking and less time scrambling (ineffective loco-
motion) than on bean plants with normal wax blooms. In the present study, effects
on the mobility of H. axyridis and E. balteatus were not measured. However, tak-
ing the findings of White and Eigenbrode (2000) and personal observations made
during our experiments into account, it is likely that the mobility of H. axyridis will
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also be reduced on plants with a thick wax layer or high trichome densities. Pos-
sibly, it is more difficult for H. axyridis to capture E. balteatus larvae on this type of
leaf surfaces. Furthermore, Verheggen et al. (2009) showed that the attachment
and movement of E. balteatus larvae was reduced on tomato plants with a high
trichome density compared to glabrous broad bean plants. These findings are
corroborated by observations made during the experiments in the present study.
Hoverfly larvae could thus also have lower escape abilities on trichome rich plants.
However, only if the effect of plant surface characteristics on predator mobility is
different for both predators, this mechanism could explain differences in IGP.
Observations of the location of both predators during the course of the experi-
ments indicate that it is more likely that the observed differences in IGP frequency
between plant species are the result of changes in larval distribution in the exper-
imental arena. H. axyridis larvae were found off the plant (e.g. on the soil, the
Plexiglas cylinder or the mesh screen) in about 85 to 100% of cases in the treat-
ments with tomato or the two tobacco species, while in the other treatments this
was only true in about 50% of cases. Ladybird larvae are known to disperse from
a plant when prey abundance is low (Sato et al. 2003), and this tendency seems
to be enhanced on plants with a non-preferred surface structure. For E. baltea-
tus there was also an effect of plant species on larval distribution. However, this
was not clearly linked to differences in plant surface. Furthermore, hoverfly larvae
were found on the plants more often (in at least 70% of cases) than H. axyridis in
all treatments. As a result, the probability that both predators encountered each
other was substantially smaller on plants with trichomes or a waxy surface, leading
to a lower IGP frequency on tomato and both tobacco species.
This altered spatial distribution of the larvae is also reflected in the fact that on
the plants from the intermediate IGP group, IGP events occurred more often away
from the plant. In these treatments, moving away from the plant consequently
made E. balteatus larvae more vulnerable to IGP. The most obvious case was
tomato, where IGP occurred off the plant in about 80% of cases.
In contrast to the findings in chapter 3, adding aphids to the experimental arena
did not result in a decline in the incidence of IGP in this study. This is likely caused
by differences in experimental setup. First, at least 150 individuals of A. pisum
were present on the bean plants in chapter 3, while in the present study only
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about 80 M. persicae individuals were used. As A. pisum is a larger aphid than
M. persicae, a far greater prey biomass was available in the earlier experiments.
This is reflected in the fact that there was always a high number of aphids left on
the plants at the end of the experiments in chapter 3, while this was not always
the case in the present study, especially in the treatments with broad bean and
pepper. On those plants, the number of aphids remaining after 24h was in some
cases lower than 10. Second, the pepper, tomato and tobacco plants used here
have more and bigger leaves than the bean plants used in chapter 3. The aphid
density (expressed as aphid biomass per leaf area) was thus lower in the present
experiments, forcing the larvae of both predator stages to search for prey more
actively, and thus increasing the probability that they would encounter each other
and engage in IGP. The results from both studies point out that aphids will likely
only affect the frequency of IGP when their density is high enough. The fact that in
the larger arenas used in this study no effect of extraguild prey could be detected,
suggests that the spatial scale of the experiments influences the role of extraguild
prey. Hautier et al. (2011) did have clear indications that the extraguild prey density
affected the occurrence of IGP when studying interactions in the field (on lime
trees).
In conclusion, IGP between H. axyridis and E. balteatus is strongly influenced
by the plant species on which these predators forage. This effect appears to be
caused primarily by differences in leaf surface structure, with a lower incidence of
IGP on leaves having trichomes or a thick wax layer. However, the plant species
used in this study were not only different in terms of morphological complexity and
leaf surface. Other confounding factors, such as differences in plant chemistry
could also have influenced IGP levels. Experiments focusing on single traits could
increase our understanding of the effect of plant structures on IGP by H. axyridis
on other aphidophagous species. This could be done by using genetic isolines of
the same species that differ only in the factor of interest (for example the thickness
of the wax layer), as in the experiments by Eigenbrode et al. (1995) and Legrand
and Barbosa (2003).
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The influence of feeding history on intraguild
interactions between Harmonia axyridis and
Episyrphus balteatus
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5.1 Introduction
Laboratory studies on IGP between arthropod predators, including those presented
in chapter 3 and 4, are generally performed using individuals that have been reared
on an ad libitum amount of a high quality food and are starved for a relatively short
period of time (often 24 or 48h) before the start of the experiment (e.g. Hindayana
et al. 2001; De Clercq et al. 2003; Ware and Majerus 2008). The latter is done
to achieve a uniform hunger level among individuals and to encourage the preda-
tors to search for prey. In that way, the probability that both predators encounter
each other and engage in IGP during the course of the experiments is maximized.
However, an ad libitum supply of food is often not available in the field, making this
setup highly artificial. Furthermore, Yasuda et al. (2004) showed that an increase
in food supply could result in a higher growth rate of the IG prey, leading to a lower
incidence of IGP in interactions between ladybirds. In the experiments in chapter
3, a similar effect was observed. Third instars of E. balteatus were able to survive
a period of 48h without food in the control treatment, but showed only a low activity
at the end of this period. In contrast, when hoverfly larvae were allowed to feed
on aphids in the second half of this 48h period, they had grown and were much
more active compared to the those in the control. The higher activity and vigour
of these larvae could in part explain the lower frequency of IGP by H. axyridis in
treatments where extraguild aphid prey were present. Taking this into account,
it is likely that the availability of food during larval development will influence the
outcome of intraguild interactions.
Therefore, the aim of the present study was to investigate the influence of larval
diet on intraguild interactions between larvae of H. axyridis and E. balteatus. Four
different food sources were tested: a factitious food of high quality for H. axyridis
(E. kuehniella eggs), a natural food for both E. balteatus and H. axyridis (the pea
aphid A. pisum) in an ad libitum or limited amount, and a nutritionally inferior al-
ternative food that does allow complete development of H. axyridis (honey bee
pollen, see Berkvens et al. (2008a)). Our hypothesis is that a lower amount of
food or an inferior food quality during the development will lead to weaker larvae,
resulting in IG predators that are less able to overcome their prey or IG prey that are
more vulnerable to IGP. First, experiments were conducted to compare the fitness
of larvae fed with the different food sources. In these experiments, melanic and
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non-melanic individuals of H. axyridis were compared, as it was shown that they
can respond differently to their diet for a number of fitness parameters (Berkvens
et al. 2008a,b). Second, several combinations were made between larvae of both
predators reared on different diets to investigate how the food affected IGP. Exper-
iments were done both in Petri dishes and on potted pepper plants, to assess the
influence of spatial complexity.
5.2 Materials and methods
5.2.1 Insects
In April 2011, individuals from an established wild population of H. axyridis were
collected in a park in Ghent, Belgium. From the collected ladybirds, two labo-
ratory populations were initiated. The first population consisted of non-melanic
succinea individuals, and will hence be referred to as the ’non-melanic population’.
Melanic spectabilis and conspicua individuals were used to start a second popula-
tion, called the ’melanic population’ (Osawa and Nishida, 1992). Both populations
were reared on frozen E. kuehniella eggs, as described by De Clercq et al. (2003).
Eggs of E. kuehniella were obtained from Koppert BV (Berkel en Rodenrijs, The
Netherlands).
A culture of E. balteatus was established with individuals collected in July 2011
in wheat fields near the Walloon Agricultural Research Centre in Gembloux, Bel-
gium. Adults were kept in Plexiglas cages (60x 60 x 60 cm) and provided with
pollen and honey water. Broad bean plants (V. faba) infested with the pea aphid
A. pisum, were placed in the cages to allow syrphid oviposition. Emerged larvae
were individually transferred to small Petri dishes (5 cm in diameter, 1.5 cm high)
and fed ad libitum with pea aphids. All colonies and experiments were maintained
at 23 ± 1°C, 65 ± 5% RH and a 16:8h (L:D) photoperiod.
5.2.2 Fitness experiments
To compare the fitness of larvae from both insects fed on different food sources,
experiments were performed to quantify their developmental time, larval weight,
survival without food and predation capacity. In a first set of experiments, the
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developmental time and larval weight were measured. For H. axyridis, first instars
of less than 24h old were individually transferred to a Petri dish (9 cm in diameter,
1.5 cm high) lined with a filter paper. A small piece of moistened household paper
served as a water source. Depending on the treatment, one of the following food
sources was added to the Petri dishes: frozen eggs of E. kuehniella (ad libitum),
frozen honey bee pollen (ad libitum), an ad libitum amount of pea aphids (A. pisum)
or a limited amount of pea aphids. When aphids were provided ad libitum, 10,
20, 30 or 40 aphids (mixture of different stages) were provided daily to the first,
second, third and fourth instar of the ladybird, respectively. In the treatment with
a limited amount of aphids, larvae of H. axyridis received a daily amount of 1,
2, 3 or 4 aphids in the respective instars. Each treatment was started with 40
replicates, with 20 larvae from the melanic population and 20 from the non-melanic
population. Each day, the food was replenished and development and survival
were checked. At least once a week, the Petri dishes were cleaned and the filter
paper was changed. Maximum 24h after moulting to the fourth instar, the larvae of
H. axyridis were weighed on a Sartorius Genius ME 215 P balance (± 0.01 mg).
In the case of E. balteatus, first instars of maximum 24h old were individually trans-
ferred to an empty Petri dish (5 cm in diameter, 1.5 cm high). Because preliminary
experiments indicated that there was no development on honey bee pollen and
a very high mortality on E. kuehniella eggs, only the two treatments with aphids
were done. The ad libitum amount of pea aphids consisted of a daily amount of
10, 20 or 30 aphids for the first, second and third instar of E. balteatus. In the
treatment with a limited amount of aphids 2, 4 or 6 aphids were offered daily to
the first, second or third instar of the hoverfly, respectively. A total number of 40
replicates was performed per treatment. Food was replenished and development
and survival were monitored every 24h. Maximum 24h after moulting to the third
instar, the larvae of E. balteatus were weighed on a Sartorius Genius ME 215 P
balance (± 0.01mg). For both predators, the experiment was terminated at adult
emergence.
A second experiment assessed survival of the larvae of both predators without
food, after having been reared on the different diets of the first experiment. Forty
larvae of both H. axyridis and E. balteatus were reared up to the third instar
on each diet as described above. For H. axyridis, only larvae from the non-
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melanic population were used, as there was no difference in developmental time
and weight between both populations in the first experiment, and given that the
non-melanic colour morph is the most abundant in Europe (Brown et al. 2008a).
Maximum 24h after they had reached the third instar, the larvae were transferred
individually to a Petri dish (9 cm in diameter in the case of H. axyridis and 5 cm
in diameter in the case of E. balteatus). In those Petri dishes, the larvae were
starved and only a moistened piece of household paper was provided. The larvae
were checked every 24h for survival.
A third experiment investigated the predation capacity on pea aphids of larvae from
both predators fed with the different diets. Again, 40 larvae were reared on each
diet up to the third instar as described above, with only non-melanic individuals
being used for H. axyridis. Third instars of both species of less than 24h old
were transferred directly to a Petri dish (9 cm in diameter for H. axyridis and 5
cm for E. balteatus) containing 20 aphids (mixture of first to fourth instars). After
6h, the remaining number of living aphids was counted. A control treatment, in
which 30 petri dishes containing only 20 aphids were monitored, was also done.
To compensate for the aphids that died a natural death during the course of the
experiment, mortality was corrected using the formula of Abbott (1925):
% mortality by predation =
(
% mortality in treatment − % mortality in control
100 − % mortality in control
)
× 100
5.2.3 IGP experiments
Petri dishes
To examine the influence of the food during larval development on intraguild inter-
actions between H. axyridis and E. balteatus, an IGP experiment in Petri dishes
was conducted. IGP was investigated between third or fourth instars of H. axyridis
on the one hand and third instars of E. balteatus on the other hand. The exper-
iments in chapter 3 indicated that these stages of H. axyridis acted most often
as intraguild predator in interactions with E. balteatus. Furthermore, third instars
of the hoverfly were more able to withstand attacks of the ladybird compared to
younger larvae. It was thus assumed that a possible effect of the larval diet on
IGP would be most pronounced when these stages were combined.
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Larvae of both predators were reared following the same methods as in the ex-
periments described above. At maximum 24h after moulting to the desired stage,
single predators were transferred to a small 5-cm Petri dish together with one indi-
vidual of the other predator. There was no additional starvation period. All possible
combinations were made with larvae that had been fed on the different diets. As
there were four tested diets for H. axyridis, and two for E. balteatus, 8 different
combinations could be made for both third and fourth instars of the ladybird, re-
sulting in 16 different combinations in total. Each combination was replicated 20
times.
Each experiment ran for 24h. During the first 90 minutes, the Petri dishes were
observed in order to record all contacts among the predators. A confrontation
was regarded as a contact when the predator larvae randomly met and separated
again without any further actions. A contact was registered as an attack when one
predator tried to feed on the other. An attack was considered successful when
it resulted in the death of the prey. After 24h, the survival of both insects was
recorded.
Potted plants
In order to study the effects of larval food on IGP in larger arenas, the previous
experiment was repeated using potted pepper plants. In this case, only third in-
stars of H. axyridis were used, because the effect of larval diet was the strongest
in combinations with this instar of the ladybird in Petri dishes. Further, the combi-
nations with H. axyridis larvae fed with E. kuehniella eggs were omitted, as this is
not a natural food. This resulted in a total of 6 tested combinations.
Larvae of both predators were reared as described above. Maximum 24h after
moulting to the third instar, they were transferred to the experimental arena. The
arenas were similar to those used in chapter 4 (see fig. 4.2), and consisted of
a pepper plant (C. annuum cv. California Wonder) of approximately 15 cm high,
placed in a plastic pot with a diameter of 20 cm. A transparent Plexiglas cylinder
(18 cm in diameter, 20 cm high) was placed over the pepper plant, and pushed
about 1 cm into the soil. The top of the cylinder was sealed with a mesh screen
cloth. One individual of each species was placed in each arena. The larvae of E.
balteatus were placed on one of the top leaves of the plant, while the H. axyridis
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larvae were placed at the base of the stem. After 2, 4, 6, 8 and 24h, the arenas
were controlled and the location and survival of the larvae was noted.
5.2.4 Statistical analysis
Data analysis was carried out using SPSS 19.0 (SPSS 2010). Count data (from
the experiments for larval development and survival after starvation) was analyzed
using a generalized linear model with a Poisson error distribution and a log link
function. Analysis of binomial data (from the IGP experiments) was also done with
a generalized linear model, with in this case a binomial error distribution and a logit
link function (McCullagh and Nelder 1989). In both cases, analysis started each
time with a saturated model and interactions and non-significant main factors were
dropped at a significance level of 0.05. The most parsimonious model is reported,
using likelihood ratios to assure model fit. Weights and predation data followed
a normal distribution, but did not have equal variances between groups. Thus,
means were compared using an independent samples t-test or a one-way ANOVA
with a Tamhane post-hoc test, which does not require equality of variances (Kutner
et al. 2005).
5.3 Results
5.3.1 Fitness experiments
In the experiment on larval development of H. axyridis as a function of diet, there
was no interaction between the colour morph and diet (χ2 = 1.11; df = 4; P =
0.893) (table 5.1). Furthermore, there was no influence of the colour morph on
larval development (χ2 = 0.38; df = 1; P = 0.536). Consequently, the data for
both groups was pooled. Diet had a significant effect on developmental time (χ2
= 144.31; df = 4; P ≤ 0.001). There was no difference in developmental time
between larvae fed with E. kuehniella or an ad libitum amount of aphids (χ2 = 0.58;
df = 1; P = 0.446) on the one hand, and between larvae fed with a limited amount of
aphids or pollen (χ2 = 1.27; df = 1; P = 0.260) on the other hand. However, the first
two groups had a significantly shorter developmental time than the last two (χ2 ≥
10.08; df = 1; P ≤ 0.002 for all contrasts). The longer development for H. axyridis
87
Chapter 5
larvae fed with pollen was caused by a prolonged duration of the first to fourth
instar compared to larvae fed with a diet of E. kuehniella eggs or an ad libitum
amount of aphids. In contrast, for larvae fed on a limited amount of aphids, mainly
the fourth instar was characterized by a much longer duration compared to the
other diets. Survival rate differed in the same way as developmental time among
treatments, with 97.5% and 80.0% survival for the treatments with E. kuehniella
eggs and aphids ad libitum, and 55.0% and 57.5% survival with a limited amount
of aphids and pollen as food.
The larval diet also affected the weight of fourth instar H. axyridis (F = 39.38; df
= 4, 165; P ≤ 0.001) (table 5.1). As for the developmental duration, there was no
difference between larvae fed with E. kuehniella or an ad libitum amount of aphids
(P = 0.297) and between those fed with a limited amount of aphids or pollen (P
= 0.960). However, larvae from the former two groups were significantly heavier
than those from the latter two (P ≤ 0.001).
The survival without food of third instar H. axyridis was also influenced by the food
received before the starvation period (χ2 = 119.97; df = 3; P ≤ 0.001) (table 5.1).
E. kuehniella eggs provided the highest energy reserves and consequently yielded
a longer survival than the other food sources (χ2 ≥ 37.23; df = 1; P ≤ 0.001 for
all contrasts). Furthermore, 92.5% of all third instars moulted to the fourth instar
during the starvation period in this treatment. When aphids were available ad
libitum, survival was shorter than on E. kuehniella eggs, but longer than on the
other diets (χ2 ≥ 6.92; df = 1; P ≤ 0.009 for both contrasts). On the ad libitum
aphid diet, 45.7% of the third instar larvae succeeded to moult but died in the
fourth instar. There was no difference in survival time between a limited amount
of aphids or pollen as food (χ2 = 0.10; df = 1; P = 0.745). Furthermore, no larvae
reached the fourth instar in the latter treatments.
The predation capacity of H. axyridis third instars also depended on the previous
diet (F = 21.28; df = 3, 133; P ≤ 0.001). The amount of aphids killed was the
highest for larvae that had been reared on an ad libitum amount of aphids, but
this difference was only significant when compared to the treatments with a limited
amount of aphids and pollen (P≤ 0.034 for both contrasts). The predation capacity
of larvae reared on E. kuehniella eggs was similar to that of larvae in both aphid
treatments (P≥ 0.265). Larvae reared on pollen had the lowest predation capacity,
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being about one third of that in the other treatments (P ≤ 0.001 for all contrasts).
The results of the fitness experiments with E. balteatus are shown in table 5.2. Diet
affected larval developmental time (χ2 = 10.69; df = 1; P = 0.001), with a faster
development when aphids were available ad libitum. The longer development for
larvae fed with a limited amount of aphids was due to a prolongation of the third
instar. Immature survival was also higher in the treatment with ad libitum aphids
(52.5% compared to 32.5%). Further, the mean weight of larvae fed with an ad
libitum amount of aphids was about three times higher than that of larvae fed with
a limited amount of aphids (t = 9.847; df = 34; P ≤ 0.001).
The survival of third instars of E. balteatus in the absence of prey was also influ-
enced by feeding history (χ2 = 10.69; df = 1; P = 0.001), with a longer survival
for larvae that had been supplied with an ad libitum amount of aphids. Moreover,
none of the larvae succeeded to reach the pupal stage. The predation capacity of
third instar hoverfly larvae, however, was independent of their feeding history (t =
-0.536; df = 59; P = 0.594).
5.3.2 IGP experiments
Petri dishes
The mean number of contacts and success rate of attacks observed during the
first 90 minutes of the experiments is shown in table 5.3. In general, the number of
contacts was higher when the H. axyridis larvae were reared on a limited number
of aphids or pollen, because their shortage of food led to a more active search for
prey as compared to their counterparts fed with E. kuehniella eggs or an ad libitum
amount of aphids. In about 30 to 50% of cases, a contact led to an attack by H.
axyridis. In general, the coccinellid was the most aggressive, and events noted
as attacks by E. balteatus were mostly counterattacks. An attack by E. balteatus
was never successful. In contrast, the success rate of an attack by H. axyridis
varied between 0 and 25%. For both larval instars of the ladybird, there were
more successful attacks on hoverfly larvae fed with a limited number of aphids
compared to those fed with an ad libitum amount. Furthermore, the number of
successful attacks was higher for fourth instars than for third instars of H. axyridis.
The incidence of IGP by third and fourth instars of H. axyridis on E. balteatus after
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90 minutes is shown in figure 5.1. There was a significant interaction between
the diet of E. balteatus and the tested stage of H. axyridis (χ2 = 4.92; df = 1;
P = 0.026). For third instars of H. axyridis, there was a significant effect of the
diet of E. balteatus on the incidence of IGP (χ2 = 7.34; df = 1; P = 0.007). More
hoverfly larvae were killed during the first 90 minutes when they had been reared
on a limited amount of aphids than on an ad libitum amount, for all larval feeding
regimes of H. axyridis. Furthermore, the larval diet of H. axyridis also affected the
incidence of IGP (χ2 = 15.09; df = 3; P = 0.002). When H. axyridis larvae had
received a limited amount of aphids during their development, a higher number of
E. balteatus larvae was killed than in all other treatments (χ2 = 6.52; df = 1; P =
0.011 for all contrasts).
In the combinations with fourth instars of H. axyridis, the diet of E. balteatus did
not affect the occurrence of IGP (χ2 = 0.34; df = 1; P = 0.561). In contrast, there
was again a significant effect of the feeding history of the H. axyridis larvae (χ2 =
14.27; df = 3; P = 0.003). IGP on E. balteatus occurred more frequently when H.
axyridis had been fed with a limited amount of aphids compared to the treatments
with E. kuehniella eggs or an ad libitum amount of aphids (χ2 ≥ 7.94; df = 1; P ≤
0.005 for both contrasts). For the ladybird larvae that had been reared on pollen,
there was an intermediate level of IGP, that was not significantly different from any
other treatment (χ2 ≤ 2.617; df = 1; P ≥ 0.106).
The occurrence of IGP by both instars of H. axyridis on E. balteatus after 24h is
shown in figure 5.2. Again, there was a significant interaction between the food
source of E. balteatus and the developmental stage of H. axyridis (χ2 = 9.87; df
= 1; P = 0.002). In the combinations with third instars of H. axyridis, IGP still
occurred more often on E. balteatus larvae that had been reared on a limited
amount of aphids compared to those fed on an ad libitum amount (χ2 = 22.32; df
= 1; P ≤ 0.001). The larval diet of H. axyridis also influenced the incidence of IGP
(χ2 = 37.84; df = 1; P ≤ 0.001). The lowest number of IGP events occurred when
H. axyridis was fed on pollen (χ2 ≥ 7.82; df = 1; P ≤ 0.005 for all contrasts). If the
latter ladybird larvae were combined with E. balteatus larvae fed with ad libitum
aphids all hoverfly larvae survived. In the treatment where H. axyridis received E.
kuehniella eggs, IGP occurred more frequently than in the pollen group, but with a
lower frequency than in both aphid treatments (χ2 ≥ 11.55; df = 1; P ≤ 0.001). No
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Figure 5.1: Percentage of third instars of Episyrphus balteatus reared on an ad libitum or
limited amount of aphids that were killed through IGP in Petri dishes after 90 minutes by
third (A) and fourth (B) instars of Harmonia axyridis reared on different diets. Eph: Ephestia
kuehniella eggs, Aph ad lib: ad libitum amount of aphids, Aph lim: limited amount of aphids,
Pollen: moist honey bee pollen. The effect of larval diet of H. axyridis is indicated by small
letters. Within each panel, groups of bars followed by a different letter are significantly
different. Error bars represent SE-values.
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difference in the incidence of IGP was found between H. axyridis larvae reared on
an ad libitum or a limited amount of aphids (χ2 = 0.59; df = 1; P = 0.441).
For fourth instars of H. axyridis, the incidence of IGP after 24h was independent
of the diet of both E. balteatus and H. axyridis (χ2 = 0.09; df = 1; P = 0.769 and χ2
= 3.68; df = 1; P = 0.289, respectively). Thus, fourth instars of the ladybird could
overcome third instars of the hoverfly, whatever food they had received during their
development, in almost all confrontations.
It is worth noting that in the treatment with pollen 22.5% of the tested H. axyridis
larvae (7 third instars and 2 fourth instars) died during these experiments. These
deaths were either caused by the lack of food, or by defensive slime secretions of
E. balteatus. However, E. balteatus were never observed to feed on weakened or
dead H. axyridis larvae.
Potted plants
In table 5.4, the location of both H. axyridis and E. balteatus in the arena through-
out the experiments is shown. As there were 10 replicates for each combination,
and the arenas were observed 5 times (after 2, 4, 6, 8 and 24h) the maximum
number of observations was 50. However, in some cases the number of observa-
tions was lower. When a predator could not be found, no observations were noted.
Furthermore, if a predator died during the experiment, observation was discon-
tinued. H. axyridis was found away from the plant (on the Plexiglas or the mesh
screen cloth of the cylinder) in 50 to 90% of cases. In contrast, E. balteatus stayed
on the plant more often and was found there in 60 to 90% of cases. There was no
clear influence of diet on the location of both predators. Only when H. axyridis was
fed with pollen, the larvae were found on the plant more often than in the other
treatments.
For each observation time, there was no interaction between the diet of H. axyridis
and that of E. balteatus (χ2 ≤ 0.22; df = 2; P ≥ 0.898 for all contrasts). Only after
24h, there was a significant effect of the diet of E. balteatus on the incidence of
IGP (χ2 = 11.56; df = 1; P = 0.001). The frequency of IGP after 24h is shown in
figure 5.3. Hoverfly larvae fed with an ad libitum amount of aphids survived better
than those fed with a limited amount. No significant effect of the diet of H. axyridis
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Figure 5.2: Percentage of third instars of Episyrphus balteatus reared on an ad libitum
or limited amount of aphids that were killed through IGP in Petri dishes after 24h by third
(A) and fourth (B) instars of Harmonia axyridis reared on different diets. Eph: Ephestia
kuehniella eggs, Aph ad lib: ad libitum amount of aphids, Aph lim: limited amount of aphids,
Pollen: moist honey bee pollen. The effect of larval diet of H. axyridis is indicated by small
letters. Within each panel, groups of bars followed by a different letter are significantly
different. Error bars represent SE-values.
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was found (χ2 = 0.64; df = 2; P = 0.727).
When comparing the combinations that were performed in Petri dishes and on
potted plants, a significant interaction between the diet of H. axyridis and the size
of the arena was found (χ2 = 15.53; df = 2; P ≤ 0.001), indicating a different effect
of the arena size depending on the food source of the ladybird. Therefore the
data for each food source of H. axyridis was analyzed separately. IGP was less
frequent on plants compared to Petri dishes for ladybird larvae reared on a limited
and ad libitum amount of aphids (χ2 = 13.47; df = 1; P ≤ 0.001 and χ2 = 18.86; df
= 1; P ≤ 0.001, respectively). For H. axyridis larvae fed with pollen, there was no
influence of the arena size on the occurrence of IGP (χ2 = 0.06; df = 1; P = 0.808).
5.4 Discussion
In the present study, the effect of the diet experienced by larvae of H. axyridis and
E. balteatus during their development on intraguild interactions was investigated.
Four diets were tested: E. kuehniella eggs, an ad libitum amount of pea aphids (A.
pisum), a limited amount of aphids and honey bee pollen.
Food quality and quantity had a clear influence on the overall fitness of larvae of
both H. axyridis and E. balteatus. For H. axyridis, the developmental time and
weight of the fourth instar were similar for larvae reared on eggs of E. kuehniella
(a factitious food) or an ad libitum amount of pea aphids (a natural food), which is
in agreement with the findings of Specty et al. (2003) and Berkvens et al. (2008b).
Furthermore, there was no difference in predation capacity of these groups. How-
ever, third instars of H. axyridis survived longer without food when they were reared
in previous instars on E. kuehniella eggs as compared to ad libitum aphids. Based
on these results and the findings of Berkvens et al. (2008b) that H. axyridis adults
have a superior reproduction capacity and longevity when reared on E. kuehniella
eggs, this factitious food was classified as the highest quality diet for H. axyridis
among the tested ones. Larvae of the ladybird reared on a limited amount of
aphids had a lower fitness than those fed with the former two diets. This is in
agreement with Dmitriew and Rowe (2007, 2011), who also found that limiting
the amount of pea aphids led to a slower development and smaller larvae of H.
axyridis, compared to a diet of ad libitum aphids. Fitness parameters for H. axyridis
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Figure 5.3: Percentage of third instars of Episyrphus balteatus reared on an ad libitum or
limited amount of aphids that were killed through IGP on pepper plants after 24h by third
instars of Harmonia axyridis reared on different diets. Aph ad lib: ad libitum amount of
aphids, Aph lim: limited amount of aphids, Pollen: moist honey bee pollen. The effect of
larval diet of H. axyridis is indicated by small letters. Groups of bars that are followed by a
different letter are significantly different. Error bars represent SE-values.
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larvae reared on moist honey bee pollen were similar to those when fed with a lim-
ited amount of aphids. However, as the predation capacity of the former group
was lower, pollen were classified as the lowest quality diet. For E. balteatus, all
fitness parameters were superior for larvae supplied with an ad libitum amount of
A. pisum compared to those receiving a limited amount of pea aphids.
The variation in fitness also led to differences in the incidence of IGP between H.
axyridis and E. balteatus. Like in chapter 3 and 4, IGP was asymmetric in favour
of the coccinellid in all experiments in this study. After 90 min in the Petri dish
experiments, there was a clear influence of the diet of H. axyridis on the frequency
of IGP. In combinations with third instars of the ladybird, IGP occurred more fre-
quently when H. axyridis larvae had been reared on a limited amount of aphids
compared to all other treatments. This could be explained by the fact that lady-
bird larvae fed on a low number of aphids were more hungry and consequently
searched more actively for prey than the better fed larvae in the treatments with
E. kuehniella eggs or an ad libitum amount of aphids as food. There was also a
higher number of contacts between H. axyridis and E. balteatus in combinations
with ladybird larvae reared on a limited amount of aphids compared to those fed
on the higher quality diets, further supporting this hypothesis. When H. axyridis
larvae had been reared on pollen, a higher number of contacts was also observed.
However, for third instars this did not result in a higher incidence of IGP. This could
be explained by the low quality of pollen as a food for H. axyridis, so that the lady-
bird larvae were too weak to overcome the defences of the hoverfly larvae. In the
combinations with fourth instars of H. axyridis, the effect of diet of the ladybird lar-
vae was similar as in the third instar, with only the frequency of IGP being relatively
higher for the treatment with pollen.
At the end of the Petri dish experiments (after 24h), there was no longer an effect
of the diet of H. axyridis in combinations with fourth instars of the ladybird. IGP
occurred in 80 to 100% of cases, indicating that fourth instars of H. axyridis can
easily overcome the defences of E. balteatus larvae, independent of their diet. In
combinations with third instars of the ladybird, the effect of diet of H. axyridis was
still present, but changed as compared to the situation after 90 min. First of all,
IGP levels for both aphid diets were no longer different. Because of the small
size of the Petri dish arenas, numerous contacts between both predators may
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have occurred during the course of the experiment, leading to a high number of
opportunities for IGP to take place. The higher degree of IGP for H. axyridis larvae
reared on a limited amount of aphids in the first 90 min, due to their higher activity,
appears to have disappeared after 24h. Second, the incidence of IGP was lower
for ladybirds reared on E. kuehniella eggs than for those reared on aphids. This
was surprising, as the former coccinellid larvae had the highest fitness level, and
consequently should be equally able to kill a hoverfly larva as their counterparts
fed with aphids. However, H. axyridis larvae reared on E. kuehniella eggs survived
longer without food than those fed with aphids, indicating that they possess higher
energy reserves. Possibly due to these energy reserves, H. axyridis larvae fed
on E. kuehniella eggs were less prone to take the risks associated with attacking
another predator than the hungrier ladybird larvae reared on aphids.
On potted plants, IGP levels showed the same trend as observed in the Petri dish
experiments after 24h (i.e. similar levels of IGP for the two aphid diets, and a
lower level of IGP for the pollen treatment). When considering the first 8h of the
plant experiments, IGP occurred earlier when H. axyridis had been reared in the
previous instars on a limited amount of aphids than in the other two treatments.
For example, while the first IGP events took place within 2h in the former case, it
took up to 6h when H. axyridis was fed with an ad libitum amount of aphids. This
confirms the findings from the Petri dish experiments that hungry predators search
more actively for prey. However, the differences in IGP between treatments were
never statistically significant, possibly due to the relatively small sample size.
For the treatments with H. axyridis larvae reared on an ad libitum or limited amount
of aphids, the frequency of IGP on plants was significantly lower compared to the
same combinations in Petri dishes. These results are in contrast with the findings
in chapter 3, where IGP levels were not different between Petri dishes and potted
broad bean plants for combinations with third instars of E. balteatus. However, the
plant arenas used in the present study were larger than those used in chapter 3.
Hindayana et al. (2001) also found a decrease in IGP between C. septempunctata
and E. balteatus when the arena size was increased from a Petri dish to a potted
plant arena of similar size as the one used in this chapter. Like in chapter 3, the
effect of habitat complexity was, however, not consistent in the present study, as
there was no difference in the frequency of IGP between Petri dishes and potted
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plants for the treatment with H. axyridis larvae fed on pollen. This indicates that
the size differences between the experimental arenas used here were probably
too small to produce an unequivocal effect supporting the conclusions of Janssen
et al. (2007) that IGP decreases with increasing habitat complexity. Lower IGP lev-
els on plants could be further explained by the differences in migration behaviour
between H. axyridis and E. balteatus. Like in chapter 3 and 4, H. axyridis larvae
tended to migrate away from the plants, and were consequently found more often
on the Plexiglas cylinder or on the soil than E. balteautus. This could have led to
a lower number of encounters and thus to a lower IGP frequency.
The diet of E. balteatus also influenced the incidence of IGP, and this in all com-
binations with third instars of H. axyridis (in Petri dishes, both after 90 min and
24h, and on plants). In general, IGP occurred more frequently on hoverfly larvae
fed with a limited amount of aphids than on those reared on an ad libitum amount.
The lower fitness of the former thus affected their ability to withstand attacks of H.
axyridis, making them more vulnerable to IGP. With fourth instars of H. axyridis,
however, there was no effect of the diet of E. balteatus. The frequency of IGP
in these combinations was also higher than with third instars of the ladybird, in-
dicating again that fourth instars of H. axyridis can easily overpower E. balteatus
larvae, regardless of their diet.
In conclusion, the present study indicates that the feeding history prior to an in-
traguild interaction affects the outcome of IGP between H. axyridis and E. baltea-
tus. The effects are not only the consequence of lower fitness and less effective
defence strategies when the available food is limited or of lower quality, but also
of changes in predator behaviour, such as a higher prey searching activity in case
of a hungry predator or a lower tendency to take the risks associated with the at-
tack on an IG prey when a predator still has sufficient energy reserves. Recently,
other studies reported similar findings. For example, Mendel and Schausberger
(2011) found that IGP among the predatory mites Neoseiulus californicus McGre-
gor and Neoseiulus cucumeris (Oudemans) (Acari: Phytoseiidae) was influenced
by the diet of both IG predator and IG prey. N. californicus females attacked their
IG prey sooner when previously fed with the spider mite Tetranychus urticae Koch
(Acari: Tetranychidae) (a high quality food) compared to females fed with pollen
(a lower quality food). IG prey reared on pollen were also killed earlier than their
101
Chapter 5
counterparts reared on spider mites. In a study that investigated IGP between M.
caliginosus (IG Prey) and Dicyphus tamaninii Wagner (IG predator) (Heteroptera:
Miridae), providing a food resource to the IG prey during the 5 days before the
IGP experiment resulted in a significant decrease in the level of IGP compared to
the treatment where the IG prey was starved. Furthermore, the decrease in IGP
was stronger if the fitness associated with the diet was higher (Lucas et al. 2009).
The above reports, together with the findings of the present study, show that the
outcome of intraguild interactions is influenced by a multitude of factors, and em-
phasize the importance to take these factors into account in studies on IGP if we
want to fully understand the ecological relevance of these interactions.
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Detection of intraguild prey DNA in the gut of
Harmonia axyridis: effects of predator and prey
characteristics
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6.1 Introduction
In the previous chapters, IGP between the different stages of H. axyridis and E.
balteatus was characterized, and the influence of several factors on these in-
traguild interactions was investigated. The obtained results provide interesting
insights into the mechanisms that control IGP between these species, but also
emphasize the necessity of field data if we want to understand the ecological
relevance of IGP by H. axyridis on populations of E. balteatus and other aphi-
dophagous predators.
As discussed in section 2.4, several methods based on the analysis of the gut
content of a predator have been developed over the past decades to study preda-
tion in the field. Especially DNA-based assays have been increasingly used over
the past few years, and have proved to be a powerful tool for in-field investigation
of predator-prey relationships among arthropods (Agusti et al. 2003; Zhang et al.
2007; Greenstone et al. 2010). Furthermore, they have also been used to study
IGP in different systems (Chacón et al. 2008; Harwood et al. 2007). Recently,
DNA-based field studies on IGP by H. axyridis on native coccinellids have been
performed in soybean fields in Canada (Gagnon et al. 2011b) and on lime trees in
eastern England (Thomas et al. 2012). Other methods, such as GC-MS have also
provided evidence of IGP by H. axyridis on other ladybirds in potato fields and on
lime trees in Belgium (Hautier et al. 2008, 2011). However, field studies on IGP
between H. axyridis and non-coccinellid aphid predators are currently lacking.
The aim of the present study was to develop a DNA-based gut-content analysis
method to detect DNA of E. balteatus and C. carnea, another important aphi-
dophagous predator (see section 2.2.3), in the gut of H. axyridis, as a tool for field
surveys of IGP among these species. Since several factors are shown to influence
the detectability of prey DNA (e.g. Hosseini et al. 2008), the influence of digestion
time, meal size and different biological characteristics of H. axyridis (developmen-
tal stage, weight, sex and morphotype) on the detection of E. balteatus and C.
carnea DNA in the gut of the ladybird was investigated.
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6.2 Materials and methods
6.2.1 Insects
Individuals of an established wild population of H. axyridis were collected in a park
in Ghent, Belgium. The collected individuals were used to initiate two laboratory
populations. The first population consisted of non-melanic succinea individuals,
and will hence be referred to as the ’non-melanic population’. Melanic spectabilis
and conspicua individuals were used to start a second population, called the
’melanic population’ (Osawa and Nishida, 1992). Both populations were reared
on frozen E. kuehniella eggs, as described by (De Clercq et al. 2003). Eggs of E.
kuehniella were obtained from Koppert BV (Berkel en Rodenrijs, The Netherlands).
A culture of E. balteatus was established with individuals collected in July 2009 in
cabbage fields in Sint-Katelijne-Waver, Beitem and Kruishoutem, Belgium. New
field collected individuals were added to the population in 2010 and 2011. Adults
were kept in Plexiglas cages (60 x 60 x 60 cm) and provided with pollen and honey
water. Broad bean plants (V. faba) infested with the pea aphid A. pisum were
placed in the cages to allow syrphid oviposition. Emerged larvae were individually
transferred to small Petri dishes (5 cm in diameter, 1.5 cm high) and fed ad libitum
with pea aphids.
A culture of C. carnea was initiated with individuals obtained from Koppert BV.
Adults were placed in Petri dishes (15 cm in diameter, 2 cm high), and provided
with pollen and honey water. Eggs laid on the Petri dishes were harvested every
two days. Once emerged, larvae were placed individually in small Petri dishes
(5 cm in diameter, 1.5 cm high) and fed with frozen eggs of E. kuehniella. All
laboratory colonies were maintained at 23 ± 1°C, 65 ± 5% RH and a 16:8h (L:D)
photoperiod.
6.2.2 DNA-extraction
DNA of H. axyridis individuals from the feeding experiments (see below) was ex-
tracted using whole insects in the case of larvae. For adult specimens, the elytra,
wings and legs were removed prior to extraction. All other individuals from which
DNA was extracted were either starved for 72h or had their abdomen removed
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prior to extraction, to avoid gut contamination.
DNA was extracted using an EZNA® Insect DNA Isolation Kit (Omega Bio-tek),
following the protocol described by the manufacturer, with some minor changes
as described below. 350 µl of CTL buffer and 25 µl of Proteinase K (20 g/l) were
added to a 1.5 ml microcentrifuge tube in which the insect was placed. Then,
insects were ground with a pestle and incubated at 60°C for 2 to 3h. Pestles were
washed with soap, rinsed with acetone and distilled water and autoclaved before
use. To remove RNA from the samples, they were incubated at 70°C for 10 min
after adding 2 µl RNase A. DNA was eluted from the HiBind® DNA column using
100 µl elution buffer. The microcentrifuge tubes containing the extracted DNA
were stored at -20°C until use.
6.2.3 Sequencing and primer design
Part of the mitochondrial cytochrome oxidase subunit I (COI) gene was targeted
for the design of primers for E. balteatus and C. carnea. The COI-region of three
individuals from different populations of E. balteatus, C. carnea and H. axyridis
was amplified using the universal COI-primers UEA5 and UEA10 in the case of E.
balteatus and UEA3 and UEA10 for the other species (Zhang and Hewitt 1996),
using the PCR conditions described by the authors. The double stranded PCR
products were purified using an EZNA® Cycle Pure Kit (Omega Bio-tek) and se-
quenced by LGC Genomics (Germany). The newly obtained sequences were
submitted to GenBank (GenBank ID: JQ715423 to JQ715425 for E. balteatus;
JQ715426 to JQ715428 for C. carnea; JQ715429, JQ715430 and JQ740172 for
H. axyridis). Sequences available on GenBank for E. balteatus (EU241740), C.
carnea (AY743794) and H. axyridis (GU073896 and GU073932) were also used.
The obtained COI-sequences were aligned using the BioEdit sequence alignment
editor 7.0.5 (Hall 1999). After identifying areas with species-specific signatures,
several primer pairs for both E. balteatus and C. carnea were designed using the
software Primer3 (Rozen and Skaletsky 2000). All designed primers were then
tested for specificity (as described in King et al. 2008) and performance in PCR.
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6.2.4 PCR-conditions
All reactions (50 µl) were run on a TProfessional standard gradient thermocycler
(Biometra). The PCR-mix contained a PCR-buffer (20 mmol/l Tris-HCl pH 8.4,
50 mmol/l KCl), 2 mmol/l MgCl2, 0.2 mmol/l of each dNTP, 0.14 mmol/l of each
primer and 2.5U of Invitrogen™ Taq DNA polymerase (Life Technologies, Cal-
ifornia, USA). Each reaction contained 5 µl of template DNA, extracted as de-
scribed above. The PCR-cycle was the same for the primers for E. balteatus and
C. carnea. It started with 1 min and 30 sec at 95°C, followed by 35 amplification
cycles including denaturation at 95°C for 30 sec, annealing at 55°C for 1 min and
elongation at 72°C for 30 sec. The final elongation was carried out at 72°C for 10
min. Two positive (dilutions of 1 part prey DNA in 1 or 100 parts H. axyridis DNA)
and two negative controls (pure H. axyridis DNA and autoclaved distilled water)
were always included. 15 µl of the PCR-product was loaded on a 2% agarose gel
stained with ethidium bromide for separation. The PCR-products on the gel were
visualized and photographed under UV light.
The universal invertebrate primers BD1 and 4S which amplify the internal tran-
scribed spacer (ITS) region (Bowles and Mcmanus 1993) were used to ascertain
the presence of sufficient quality DNA in the samples that did not show a PCR-
product in the first reaction, in order to avoid false negative results. The PCR-mix
contained the same compounds as described above. The PCR-cycle consisted
of 2 min at 95°C, followed by 30 cycles including denaturation at 95°C for 20 sec,
annealing at 55°C for 30 sec and elongation at 72°C for 1 min. The final elongation
was carried out at 72°C for 10 min. Samples that did not show a PCR-product for
this second reaction, were discarded.
6.2.5 Specificity tests
To ensure specificity for the target species, the designed primers were tested in two
PCR experiments. In the first test, six individuals of each of E. balteatus, C. carnea
and H. axyridis, originating from at least three different populations collected in
different countries (Belgium, UK, Switzerland and Denmark), were used. In the
second test, the PCR-assays of both E. balteatus and C. carnea were tested for
cross-reactivity against a number of non-target species (listed in table 6.1). We
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focused on species that are expected to co-occur with E. balteatus, C. carnea and
H. axyridis in the field (Alhmedi et al. 2009).
6.2.6 Sensitivity test
To assess the ability of the designed primers to detect small amounts of prey DNA
within a large quantity of predator DNA, a sensitivity test was performed. For this
test, a series of tenfold dilutions of prey to H. axyridis DNA (i.e. 1 part prey to
1 part H. axyridis DNA, diluted to 1 part prey to 106 parts H. axyridis DNA) was
used as a template in PCR-reactions. The diluted samples always contained a
total concentration 200ng/µl DNA, and only 1 µl of this DNA-solution was used
per PCR-reaction. This kind of test is only a simulation of the natural situation,
but provides useful information on the sensitivity of the primers to make a first
selection between different primer sets (Chen et al. 2000; Traugott et al. 2006;
Thomas et al. 2012).
6.2.7 Feeding experiments
To determine for how long DNA of the prey species could be detected in the preda-
tor gut, feeding experiments were conducted with H. axyridis as predator and either
E. balteatus or C. carnea as prey. For each prey species, two such experiments
were carried out. For the first experiment, fourth instars of H. axyridis were used.
The larvae were taken at random from the melanic and non-melanic population,
at maximum 24h after moulting. The second experiment involved adults of H.
axyridis. Both melanic and non-melanic individuals, and males as well as females
were used in similar proportions. Sex determination was done using the method
described by McCornack et al. (2007). The adults used were approximately 1
week old, and had been allowed to mate.
Prior to the start of each feeding test, the predators were starved for 24h in a
Petri dish (9 cm in diameter, 1.5 cm high) containing only a piece of moistened
household paper. Just before the start of the experiment, larvae and adults of
H. axyridis were weighed on a Sartorius Genius ME 215 P balance (± 0.01 mg).
After weighing, the predators were transferred to a ventilated plastic Petri dish (5
cm in diameter, 1.5 cm high). To investigate the influence of meal size and prey
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Table 6.1: Species tested (one individual per species) in the specificity test against the
selected primers.
Order Family Species tested Origin of sample
Diptera Syrphidae Sphaerophoria scripta (Linnaeus) Belgium
Eupeodes corollae (Fabricius) Belgium
Platycheirus peltatus Meigen Belgium
Syrphus ribesii Linnaeus Belgium
Syrphus vitripennis Meigen Belgium
Neuroptera Chrysopidae Chrysopa perla Linnaeus Netherlands
Hemerobiidae Hemerobius sp. Belgium
Coleoptera Coccinellidae Harmonia quadripunctata (Pontoppidian) Belgium
Propylea quatuordecimpunctata (Linnaeus) Belgium
Calvia quatuordecimguttata (Linnaeus) Denmark
Exochomus quadripustulatus Linnaeus Belgium
Adalia bipunctata (Linnaeus) Denmark
Adalia decempunctata (Linnaeus) Denmark
Coccinella septempunctata Linnaeus Belgium
Coccinella undecimpunctata Linnaeus Belgium
Hippodamia variegata (Goeze) Belgium
Halyzia sedecimguttata (Linnaeus) Belgium
Oenopia conglobata (Linnaeus) Belgium
Hemiptera Anthocoridae Anthocoris nemoralis (Fabricius) United Kingdom
Anthocoris nemorum (Linnaeus) United Kingdom
Orius minutus (Linnaeus) Belgium
Aphididae Acyrthosiphon pisum (Harris) Belgium
Sitobion avenae (Fabricius) Belgium
Periphyllus sp. Belgium
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stage on the detection of prey DNA, either 5 eggs, 10 eggs or 1 second instar of
each prey species (E. balteatus or C. carnea) were placed as food in those Petri
dishes. Eggs and larvae of both prey species were weighed (N = 20) to determine
the actual mass of each meal. One egg of E. balteatus weighed on average 0.10
± 0.01 mg. Consequently, H. axyridis could feed on approximately 0.50 mg or
1.00 mg prey biomass in the treatment with 5 or 10 eggs, respectively. A second
instar of E. balteatus weighed 1.50 ± 0.12 mg. The weight of one egg of C.
carnea averaged 0.09 ± 0.002 mg, resulting in a meal of approximately 0.45 mg
or 0.90 mg in the treatment with 5 or 10 eggs, respectively. A second instar of the
lacewing weighed 1.21 ± 0.09 mg. Thus, for both prey species and compared to
the smallest meal of 5 eggs, meal size doubled in the case of 10 eggs and tripled
in the case of a second instar.
The eggs of both prey used in the experiments were stored at 4°C for maximum
3 days before testing. They were less than 24h old when transferred to the cold
storage. Eggs of E. balteatus were presented on a piece of a broad bean leaf.
Eggs of C. carnea were cut from their stalks and placed loosely on the bottom of
the Petri dishes. Second instars of both prey species were used maximum 24h
after moulting, and starved for 16h prior to the test.
The predators were allowed to feed for 30 minutes, after which the number of
consumed eggs was recorded. Predators that had eaten less than 80% of the
provided eggs, were discarded, as were individuals that had not fed on the second
instars of either prey. After feeding, the individuals were transferred to a new
Petri dish (9 cm in diameter, 1.5 cm high), containing only a moistened piece of
household paper. The Petri dishes were placed in a growth chamber at 23 ± 1°C,
60 ± 5% RH and a 16:8 (L:D) photoperiod. The predators were allowed to digest
their meals for 0, 2, 4, 6, 8, 12, 18, 24 or 36h. After each digestion period, the
predators were killed in 70% ethanol (pre-chilled at -20°C) and stored at -20°C
until DNA extraction. For each food type and digestion period, 5 individuals were
frozen. Since there still was a high probability of detecting prey DNA after 36h
when fourth instars of H. axyridis had fed on C. carnea, a 48h digestion period
was also investigated for this combination. The samples for a 36h digestion by
adults of H. axyridis that had fed on C. carnea were not analysed, because the
probability of detecting prey DNA was already very low after 24h.
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For each predator-prey combination, the detectability half-life for prey DNA was
calculated. This value is defined as the time after which a consumed prey can
be detected in only 50% of cases, and is considered an appropriate standardized
measure of the detectability interval (Greenstone et al. 2007).
6.2.8 Statistical analysis
Data analysis was carried out using SPSS 19.0 (SPSS 2010). To investigate the
influence of different factors on the detection of E. balteatus or C. carnea DNA, a
generalized linear model was used with a binomial error distribution and a logit link
function (McCullagh and Nelder 1989). Analysis always started with a saturated
model. Interactions and non-significant main factors were dropped at a signifi-
cance level of 0.05. The most parsimonious model is reported, using likelihood
ratios to ensure model fit. To calculate detectability half-lives of prey DNA, the
Probit Analysis procedure in SPSS 19.0 was used.
6.3 Results
6.3.1 Primer specifity and sensitivity
The primer pair that showed the best results for both specificity and sensitivity
was selected for each prey species (see table 6.2). Primer pair EB.F6 and EB.R5
was not entirely species specific, as there was also amplification of DNA from the
other tested hoverfly species. Except for Platycheirus peltatus Meigen, the bands
for the other hoverflies were of similar size and intensity as that of E. balteatus
(fig. 6.1). For primer pair CC.F4 and CC.R4, there was no amplification for any of
the species listed in table 6.1, indicating its specificity for C. carnea. Both the E.
balteatus and C. carnea primer pairs were able to detect their target DNA in a mix
of 1 part prey DNA to 104 parts of H. axyridis DNA.
6.3.2 Feeding experiments
Feeding experiments were conducted for fourth instars and adults of H. axyridis as
predator and with 5 eggs, 10 eggs or one second instar of E. balteatus or C. carnea
as prey. In total, 540 H. axyridis samples were analyzed in the PCR-assays. All
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Table 6.2: Name, sequence, annealing temperature (Ta) and amplicon size of the selected
primer pairs (targeting the COI-gene) for Episyrphus balteatus and Chrysoperla carnea.
Species Primers Ta Amplicon
Name Sequence (5’ to 3’) size
E. balteatus EB.F6 CTTTCTGCTGGTATTGCTCATGG 55°C 160 bp
EB.R5 CAAATAAAGGTATTCGATCATAAG
C. carnea CC.F4 CGAGCTGAATTAGGTCAACCAG 55°C 244 bp
CC.R4 CTACTATAGAAGAAGCAAGTAATAAAG
Figure 6.1: Agarose gel showing PCR-amplified DNA using primer EB.F6 and EB.R5
(160bp). lane 1: Sphaerophoria scripta, lane 2: Eupeodes corolla, lane 3: Platycheirus
peltatus, lane 4: Syrphus ribesii, lane 5: Syrphus vitripennis, lane 6: molecular size marker
(Invitrogen 100bp ladder), lane 7: positive control (Episyrphus balteatus), lane 8: negative
control (Harmonia axyridis), lane 9: negative control (H2O).
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DNA-extractions led to high quality DNA as every tested sample enabled the am-
plification of PCR-products with general ITS-primers. The number of samples in
which prey DNA could be detected for each predator-prey combination is listed in
table 6.3.
A significant influence of the developmental stage of H. axyridis on the detection
of prey DNA was found for both prey species (χ2 = 14.72; df = 1; P < 0.001 and
χ2 = 68.03; df = 1; P < 0.001 for E. balteatus and C. carnea, respectively). The
detection of prey DNA decreased faster for adults of H. axyridis compared to fourth
instars. Furthermore, there was a significant influence of the prey species on DNA
detection (χ2 = 9.89; df = 14; P = 0.002 and χ2 = 10.41; df = 1; P = 0.001 for fourth
instars and adults of H. axyridis, respectively). The level of detection was lower
for E. balteatus as compared with C. carnea in the experiments with fourth instars,
while it was the other way around in the experiments with adults. Because of the
differences in detection success between the different predator-prey combinations,
the data of each combination was analysed separately.
In the experiments with fourth instars of H. axyridis, the influence of meal size,
predator weight and digestion time was investigated. The mean predator weight (±
SE) before feeding was 18.99 ± 0.30 mg and 19.40 ± 0.27 mg when E. balteatus
and C. carnea were the prey, respectively. For the treatments with E. balteatus as
prey, no interactions were found between the different factors (χ2 ≤ 0.99; df = 1 or
2; P ≥ 0.610 for all contrasts). Both meal size and predator weight did not affect
the detection of syrphid DNA (χ2 = 3.81; df = 2; P = 0.149 and χ2 = 0.003; df =
1; P = 0.956, respectively). In contrast, there was a significant influence of the
digestion period on the detection success (χ2 = 41.67; df = 1; P < 0.001). DNA
of E. balteatus could be detected in 80 to 100% of cases up to 12h of digestion.
Afterwards, the probability of detecting E. balteatus DNA decreased to between
20 and 40% after 36h.
With C. carnea as prey, again no significant interactions were found between the
factors (χ2 ≤ 2.96; df = 1 or 2; P ≥ 0.228 for all contrasts). Predator weight did
not affect the detection of DNA (χ2 = 1.26; df = 1; P = 0.261), but there was a
significant influence of meal size. When one second instar of the chrysopid was
eaten, the level of detection was significantly lower than when 10 eggs were eaten
(χ2 = 7.34; df = 1; P = 0.007). There was no difference between the treatment
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with one second instar and 5 eggs (χ2 = 2.40; df = 1; P = 0.121) and between
both egg treatments (χ2 = 1.89; df = 1; P = 0.169). Again, the digestion period
significantly affected the detection of prey DNA (χ2 = 31.07; df = 1; P < 0.001). In
this case, DNA of C. carnea could be detected in 80 to 100% of cases for up to
12h of digestion. However, the probability of detection decreased at a substantially
slower rate compared to the treatment with E. balteatus. After 48h, there was still
about a 40% chance of detecting C. carnea DNA.
For the experiments involving adults of H. axyridis, the influence of meal size, sex,
morphotype (melanic vs. non-melanic), predator weight and digestion period was
investigated. The mean predator weight (± SE) before feeding was 37.11 ± 0.57
mg and 35.39 ± 0.67 mg when fed on E. balteatus and C. carnea, respectively.
Approximately equal numbers of males and females, and melanic and non-melanic
adults were analysed (121 males and 134 females, and 137 non-melanic and 118
melanic individuals over all treatments).
When E. balteatus was used as prey, no interactions between these factors were
found (χ2 ≤ 3.13; df = 1 or 2; P ≥ 0.077 for all contrasts). There was no influence
of predator weight (χ2 = 0.04; df = 1; P = 0.840), sex (χ2 = 1.76; df = 1; P = 0.184)
and morphotype (χ2 = 0.66; df = 1; P = 0.417). Furthermore, meal size also did not
affect the detection of prey DNA (χ2 = 0.48; df = 2; P = 0.787). Again, there was
a strong influence of digestion time (χ2 = 65.50; df = 1; P < 0.001). Compared
to the treatment with fourth instars of H. axyridis, the probability of detecting E.
balteatus DNA decreased faster with time. A detection in 80 to 100% of cases was
only obtained up to 6h of digestion. After 24h, detection was only possible in on
average 20% of cases.
When adults of H. axyridis fed on C. carnea, no interactions between the factors
were observed (χ2 ≤ 4.89; df = 1 or 2; P ≥ 0.087 for all contrasts). As in the
experiment with E. balteatus, no influence of predator weight (χ2 = 0.83; df = 1; P
= 0.361), sex (χ2 = 0.50; df = 1; P = 0.481) and morphotype (χ2 = 0.13; df = 1; P
= 0.716), and of meal size (χ2 = 1.06; df = 2; P = 0.590) was found. The digestion
time strongly affected the detection of prey DNA (χ2 = 61.08; df = 1; P < 0.001).
The probability of detecting C. carnea DNA decreased faster compared to the
treatment with fourth instars of H. axyridis, and even faster than in the experiment
with adults of the coccinellid and E. balteatus. In this case, DNA of C. carnea could
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only be detected in 80 to 100% of the H. axyridis adults for up to 4h. After 12h,
DNA was only detected in about 20% of cases.
To calculate the detectability half-life for each predator-prey combination, a probit
regression analysis was performed. Because there was no influence of meal size
for both treatments with E. balteatus and for the treatment with adults of H. axyridis
and C. carnea as prey, the data for the different meals (5 eggs, 10 eggs or one
second instar) from these experiments was pooled, and only one probit model was
calculated. For the treatment with fourth instars of H. axyridis and C. carnea as
prey, the meal size affected the detectability of prey DNA. Therefore, a detectability
half-life was calculated for each meal size.
The probit models for E. balteatus had an acceptable fit to the data (χ2 = 9.96; df
= 7; p = 0.191 for fourth instars and χ2 = 10.26; df = 7; p = 0.175 for adults of
H. axyridis) (fig. 6.2). From these models, the detectability half-lives (T1/2) were
calculated to be 25.1h for fourth instars of H. axyridis and 14.9h for adults. Also
for the treatments with C. carnea as prey, the estimated models fitted to the data
(χ2 = 29.43 ; df = 26; p = 0.292 for fourth instars of H. axyridis and χ2 = 7.93 ; df
= 6; p = 0.244 for adults) (fig. 6.3, 6.4, 6.5 and 6.6). The detectability half-lives
for fourth instars of the coccinellid were 42.2, 52.4 and 32.2h for 5 eggs, 10 eggs
or one second instar of C. carnea as prey, respectively. For adults of the ladybird,
the half-life was estimated to be 8.9h.
6.4 Discussion
To enable successful application of a DNA-based gut-content analysis method in
the field, primers need to be both specific and sensitive (King et al. 2008). While
the primers for C. carnea fulfilled these requirements, those for E. balteatus were
not entirely species specific, as they also amplified DNA of a few other hoverfly
species. Nonetheless, these primers may still be useful for field assessment of
IGP under certain circumstances, for example, if E. balteatus greatly outnumbers
all other hoverfly species present at the investigated site. This was the case in
several crops in Belgium, where E. balteatus represented 68 to 82% of all present
Syrphidae (Alhmedi et al. 2009). Furthermore, additional analysis could confirm if
the detected prey is indeed E. balteatus or another hoverfly species. This could be
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Figure 6.2: Results of the feeding experiments with Episyrphus balteatus as prey and a:
fourth instars of Harmonia axyridis; b: adults of H. axyridis. Circles are PCR-data; n =
15 individual predators used for each data point. The solid lines represent the fitted probit
model, the dotted lines the 95% confidence limits. T1/2: detectability half-life.
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Figure 6.3: Results of the feeding experiments with fourth instars of Harmonia axyridis as
predator and 5 eggs of Chrysoperla carnea as prey. Circles are PCR-data; n = 5 individual
predators used for each data point. The solid lines represent the fitted probit model, the
dotted lines the 95% confidence limits. T1/2: detectability half-life.
Figure 6.4: Results of the feeding experiments with fourth instars of Harmonia axyridis as
predator and 10 eggs of Chrysoperla carnea as prey. Circles are PCR-data; n = 5 individual
predators used for each data point. The solid lines represent the fitted probit model, the
dotted lines the 95% confidence limits. T1/2: detectability half-life.
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Figure 6.5: Results of the feeding experiments with fourth instars of Harmonia axyridis as
predator and one second instar of Chrysoperla carnea as prey. Circles are PCR-data; n =
5 individual predators used for each data point. The solid lines represent the fitted probit
model, the dotted lines the 95% confidence limits. T1/2: detectability half-life.
Figure 6.6: Results of the feeding experiments with adults of Harmonia axyridis as predator
and Chrysoperla carnea as prey. Circles are PCR-data; n = 15 individual predators used for
each data point. The solid line represents the fitted probit model, the dotted lines the 95%
confidence limits. T1/2: detectability half-life.
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done by sequencing the PCR-product of a positive sample, and confronting this
sequence with an alignment of COI-sequences obtained from all hoverfly species
present in the system. This approach, which has also been used in studies with
marine invertebrates (Blankenship and Yayanos 2005), allows to screen an in-
dividual of H. axyridis for the presence of different intraguild prey species in its
gut using a single PCR-reaction, a single sequencing reaction and by comparing
the obtained sequence with a reference barcode system. Using species-specific
primers, several subsequent PCR-reactions or a multiplex PCR-assay (e.g. Harper
et al. 2005) are needed to obtain the same result.
The primers developed in this study target the COI-region, which is present in
thousands of copies in arthropod cells (Hoy 1994), and amplify sequences shorter
than 250bp. Amplifying a short DNA sequence of a target gene present in multiple
copies in the cell has proved to increase the likelihood of detecting prey DNA in
the predator gut (Zaidi et al. 1999; Agusti et al. 2003).
Both the E. balteatus and C. carnea primer pairs were able to detect their target
DNA in a mix of 1 part prey DNA to 104 parts of H. axyridis DNA, which corre-
sponds with a sensitivity of approximately 20 pg of prey DNA per PCR-reaction.
This represents a rather intermediate sensitivity level, as other studies have re-
ported primer pairs with a sensitivity of a factor 2 to 103 higher than those in our
study (Chen et al. 2000; Traugott et al. 2006; Thomas et al. 2012). However, when
considering the weight of both predator and prey, there was a maximum difference
of a factor 80 (when an adult of H. axyridis, approximately 36 mg, was fed with
5 eggs of C. carnea, approximately 0,45 mg). Taking into account that the fresh
body weight is not a perfect predictor of the DNA content, and that the amount of
prey DNA decreases over time, this primer sensitivity of 1:104 is still believed to be
sufficient to detect prey DNA in the gut of H. axyridis.
Our results indicate that the detectability of prey DNA was negatively related to the
length of the digestion time, and an exponential relation could be calculated. This
is in agreement with similar studies on different taxonomic groups of predators
(e.g. Agusti et al. 2003; Hosseini et al. 2008). The detectability half-lives that
were calculated for each predator-prey combination ranged from 8.9 to 52.4h. The
longest half-lives were found for fourth instars of H. axyridis feeding on C. carnea,
and would allow for relatively rare predation events to be detected (Gagnon et al.
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2011a). However, long detection periods could interfere with the determination
of the frequency of predatory events in the field, since recent feeding events are
not distinguishable from older ones. This may lead to overestimation of predation
rates. In this regard, relatively short detection periods like the ones found for
the other predator-prey combinations, would facilitate interpretation of field data
(Hagler and Naranjo 1997; Sheppard and Harwood 2005).
When comparing detection times of prey DNA in the gut of different Coccinelli-
dae, McMillan et al. (2007) argued that prey detectability half-lives are specific for
each predator-prey combination, rather than being predator- or prey-specific. This
was confirmed by Gagnon et al. (2011a), who investigated the half-lives in IGP
interactions of different ladybirds, including H. axyridis. Despite the close relation
between both the studied predators and prey, the detectability half-lives in the lat-
ter study ranged from 5.2 to 19.3h. In our study, the detectability of prey DNA also
differed between prey species. This corroborates the conclusion of McMillan et al.
(2007) and Gagnon et al. (2011a) that detection times cannot be generalized, even
if predators and prey are closely related and DNA fragments from the same region
and of similar length are targeted.
One of the most interesting findings of this study, is the fact that the decrease in
detection of prey DNA over time is faster for adults than for fourth instars of H.
axyridis. In contrast to our findings, Hoogendoorn and Heimpel (2001) found no
effect of predator stage on the detection of prey DNA for the ladybird C. maculata
fed with eggs of Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae). However,
Greenstone et al. (2010) did report a difference in detectability half-life between
adults and immature stages of several predators (including C. maculata) fed with
one egg of Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae). Interest-
ingly, the coccinellid larvae in the study by Greenstone et al. (2010) digested the
prey egg DNA more rapidly than adults, which is the opposite of the finding in the
current study. This strengthens our assumption that the detectability of prey DNA
is predator-, prey- and life stage-specific.
The results from our study and that of Greenstone et al. (2010) indicate that,
at least in some cases, the digestion rate of larval and adult ladybirds can dif-
fer. This may be explained by the different feeding mode of ladybird larvae and
adults. In contrast to adults, larvae of most predatory coccinellid species show
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extra-intestinal digestion, by periodical regurgitation of fluid from the gut into the
chewed prey and sucking back the pre-digested prey (Hodek and Honek 1996).
Further, Lundgren and Weber (2010) showed that the digestion rate of certain
food sources increased during the larval development of C. maculata, indicating
a change in dietary breadth through a change in quantity or quality of available
enzymes. Differences in the composition of digestive enzymes among fourth in-
stars and adults may thus also explain the different digestion rates observed in
our study. More research is needed to gain better insight in the mechanisms that
influence the digestion rate.
In general, there was no influence of meal size on the detection of E. balteatus or
C. carnea DNA in the gut of H. axyridis. Only when fourth instars of the ladybird
were fed with C. carnea, meal size affected the detection of prey DNA. In most
studies that used PCR to detect prey DNA in the predator gut, the amount of prey
eaten did not affect the detection of prey DNA (Zaidi et al. 1999; Hoogendoorn
and Heimpel 2001; Juen and Traugott 2005). Interestingly, Gagnon et al. (2011a)
found that the detection of prey DNA tended to increase with an increase in meal
size, although the effect was not significant. Furthermore, Weber and Lundgren
(2009b) found a significant relation between the quantity of target DNA detected
and the number of L. decemlineata eggs consumed by C. maculata when using
quantitative PCR. It thus appears that, due to its high sensitivity, conventional PCR
is in general not able to reveal meal-size-related differences in the detectability of
prey DNA, at least not if there is only a relatively small range in meal sizes like
in the present study. The single predator-prey combination in which we found an
influence of meal size was also the combination with the longest detectability inter-
val. This is probably a reflection of an increased statistical power to separate the
digestion curves under these circumstances. However, the fact that the detection
of prey DNA was lower with single second instars of C. carnea as prey compared
with groups of 10 eggs, despite a 30% higher weight of an individual second in-
star as compared to 10 eggs, may also be related to the fact that in some cases
the second instars were not completely consumed. In those cases, the amount of
ingested DNA could have been too low to allow long time detection of prey DNA.
Furthermore, the relatively low number of replicates could also have contributed to
the observed effect of meal size.
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Despite the many advantages of using molecular gut-content analysis to investi-
gate predator-prey relationships and IGP in the field (Aebi et al. 2011), this method
does have some limitations. Apart from the factors investigated in this study, sev-
eral other factors may influence the digestion rate and thus the detection time
of prey DNA. For instance, temperature, starvation time and chaser diet have
been reported to affect prey detection (Hosseini et al. 2008; Weber and Lundgren
2009b). Furthermore, this DNA technique does not allow to discriminate between
primary and secondary predation (Sheppard et al. 2005) or to unveil scavenging
behaviour (Juen and Traugott 2005) and cannibalism (Sheppard and Harwood
2005).
The DNA-based gut-content analysis method developed in this study may assist in
the study of IGP by H. axyridis on E. balteatus and C. carnea in the field and thus
improve our insight in the ecological relevance of IGP by this invasive ladybird on
populations of both members of the native aphidophagous predator guild. A first
in-field validation of this method is reported in chapter 7. The knowledge obtained
in this and future field studies may also assist in unravelling the mechanisms un-
derlying the invasive success of H. axyridis.
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7.1 Introduction
The ultimate goal of a molecular gut content analysis method as the one developed
in chapter 6, is to apply this technique in the field to gain insights in the importance
of IGP by H. axyridis on populations of E. balteatus and C. carnea. Therefore, the
aim of the current study was to apply this method on field collected individuals of
H. axyridis. First, H. axyridis larvae were collected from a trial spelt field in Bel-
gium (representing an agricultural habitat). Second, semi-natural habitats (mainly
lime trees in public parks) were sampled in several European countries (England,
France, Germany, Slovakia and Czech Republic).
7.2 Materials and methods
7.2.1 H. axyridis from a spelt field in Belgium
Field collection of H. axyridis
Larvae of H. axyridis were sampled in a spelt (Triticum spelta L.) field near the
Walloon Agricultural Research Station in Gembloux, Belgium (50°33’55.40"N 4°43’
11.47"E). As this was a trial field for plant breeding experiments, it consisted of
rows (1m long) of different spelt varieties. Sampling occurred on four dates in July
2009 (2-3/07, 9-10/07, 16-17/07 and 24/07), on which each time 25 rows were
sampled by visual inspection. The collected larvae were placed individually in a
dry 1.5 ml Eppendorf tube. Maximum 3h after collection, the Eppendorf tubes were
transferred to a freezer at -20°C until DNA extraction. The number of individuals of
other aphidophagous species found was also noted, to have an idea of the relative
presence of the different predatory species in the field.
Only third and fourth instars of H. axyridis were used for further analysis. Since
those stages consume the highest amount of prey, it is most likely to detect a
possible IGP event in larvae of those instars (Yasuda and Ohnuma 1999). It was
attempted to analyse four H. axyridis larvae for each row and for each collection
date. This was however not always possible, as for some rows there were less
than four samples available. Because only two larvae of H. axyridis were found
on the last collection date, only larvae from the first three dates were analyzed. A
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total of 349 larvae were tested (179 from date 1, 104 from date 2, 66 from date 3).
DNA-extraction
DNA of the collected larvae of H. axyridis was extracted using whole insects, us-
ing an EZNA® Insect DNA Isolation Kit (Omega Bio-tek), as in chapter 6. The
protocol described by the manufacturer was followed, with some minor changes
as described in chapter 6. The microcentrifuge tubes containing the extracted
DNA were stored at -20°C until use.
PCR-amplification
The primer pairs for E. balteatus and C. carnea developed in chapter 6 (see ta-
ble 6.2) were used to detect DNA of both prey species in the gut of H. axyridis.
PCR-reactions (50 µl) were run on a TProfessional standard gradient thermocy-
cler (Biometra), using the same PCR-mix and PCR-cycle as described in chapter
6 (see section 6.2.4). Two positive (dilutions of 1 part prey DNA in 1 or 100 parts
H. axyridis DNA) and two negative controls (pure H. axyridis DNA and autoclaved
distilled water) were always included. 15 µl of the PCR-product was loaded on a
2% agarose gel stained with ethidium bromide for separation. The PCR-products
on the gel were visualized and photographed under UV light. As primer pair
EB.F6/EB.R5 for E. balteatus was not entirely species specific, its PCR-products
were sequenced to confirm that the detected DNA was indeed from E. balteatus.
7.2.2 H. axyridis from public parks in different countries
Field collection of H. axyridis
Besides an agricultural habitat, (semi-)natural habitats were also sampled. As we
had the opportunity to collaborate with other research teams on a sampling trip
across Europe, we were able to include samples from different European coun-
tries. In the summer of 2010, H. axyridis larvae were sampled from ten field sites
in five countries (see table 7.1). The larvae were field collected by tree-beating
in churchyards (England) or public parks (other countries). In most cases, larvae
were collected from lime trees, Tilia x europaea L. (Malvaceae), as H. axyridis is
frequently found on this tree species (Adriaens et al. 2008; Brown et al. 2008a). On
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two of the Czech Republic sites, the larvae were beaten from hawthorn (Cratae-
gus sp. Tourn, Rosaceae) (Jaromerice nad Rokytnov) and from an unidentified
deciduous tree (Trebon). Branches were beaten with a stick above a 110 x 86 cm
white canvas beating tray.
For logistical reasons, the larvae were stored in two different ways after collection.
Larvae collected in England were immediately placed individually in a dry 1.5 ml
Eppendorf tube at the field site and put on ice in an insulated box. Consequently,
they were alive but inactive, with very slow metabolism and digestion. Within 90
min, the collected samples were frozen at -20 °C, before being transferred to a
-80 °C freezer for long-term storage. In other countries larvae were immediately
placed individually in a 5 ml screw top aliquot tube containing 100% ethanol. They
were later frozen and stored at -20 °C until DNA extraction.
DNA extraction
DNA of H. axyridis larvae was again extracted from whole larvae. However, a
slightly different protocol than the one for the Belgian samples was used. In this
case, each larva was placed in a separate 1.5 ml Eppendorf tube and crushed
with a plastic micro-pestle. DNA was then extracted using a DNEasy® Tissue Kit
(Qiagen, UK) according to the manufacturer’s instructions. While the main stock
DNA was frozen at -20°C, a working aliquot was refrigerated at 4°C.
PCR-amplification
The same primer pairs for E. balteatus and C. carnea as above were used (see
table 6.2). The PCR-mix used for these samples also differed slightly from the
one used for the Belgian samples. Each PCR-reaction (25 µl) contained 11.7 µl
double distilled water, a 10x PCR-buffer (2.5 µl) (supplied by the manufacturer with
the enzyme), 1.5 mmol/l MgCl2, 0.1 mmmol/l of each dNTP, 0.01 mmol/l of each
primer, 4 µl Q solution, 0.05 units of Taq DNA polymerase (Qiagen) and 1 µl of
extracted DNA. Amplification was performed in a TECHNE TC 412 thermocycler.
The PCR-cycle for both primer pairs was similar to the one used for the Belgian
samples, and started with an initial denaturation at 94°C for 3 min, followed by 35
amplification cycles of 95°C for 30 sec, 55°C for 1 min and 72°C for 30 sec. The
final elongation was carried out at 72°C for 10 min. Three controls were always
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Table 7.1: Overview of the sampling dates, the location of the different field sites and the
number of Harmonia axyridis larvae (n) collected at each site.
Country Sampling date Location n
England 26-27/06/2010 Fordham 20
Worlington 10
Wilburton 14
France 10/07/2010 Reims (Parc Leo LaGrange) 51
Germany 15/07/2010 Munich (West Park) 20
Slovakia 28-31/07/2010 Bratislava (near Botanical Gardens) 6
Bratislava (Park on Racianska) 16
Czech Republic 1-2/08/2010 Jaromice nad Rokytnov 31
Rosice 6
Trebon 3
included: a positive control of 100% prey DNA, a negative control containing DNA
from a laboratory reared individual of H. axyridis reared on an aphid only diet, and
a reaction blank which contained distilled water instead of DNA. PCR-products
were run on a 2% agarose gel stained with ethidium bromide. Gels were run at
70 volts for 2 h in 1% TBE buffer. All PCR-products were then photographed on a
UV transilluminator for analysis. As primer pair EB.F6/EB.R5 for E. balteatus was
not entirely species specific, its PCR-products were sequenced to confirm that the
detected DNA was indeed from E. balteatus.
7.3 Results
7.3.1 Belgium: spelt field
On sampling date 1, 1 out of 179 individuals of H. axyridis was found positive
for syrphid DNA. Sequencing of this PCR-product showed that the amplified DNA
was from E. balteatus. Similarly, 1 out of 179 tested individuals was positive for
C. carnea DNA. For the other sampling dates, no positives were found for both IG
prey species. The different predatory species that were found in the trial field are
shown in table 7.2.
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7.3.2 Europe: public parks
A total of 177 H. axyridis larvae were collected from all field sites. Syrphid DNA was
detected in the guts of 5 H. axyridis larvae. Again, sequencing of the PCR-products
provided evidence that the amplified DNA sequences were from E. balteatus. In
contrast, no larvae were positive for C. carnea (see table 7.3).
7.4 Discussion
The present study describes the first application of the molecular gut content ana-
lysis method developed in chapter 6 on field collected samples of H. axyridis. DNA
of both E. balteatus and C. carnea was detected in the gut of H. axyridis larvae,
indicating that this method works under field conditions.
For the larvae of H. axyridis collected from the spelt field in Gembloux (Belgium),
DNA of either studied IG prey was detected in 0.6% of cases on sampling date 1,
and in 0.0% of cases on sampling dates 2 and 3. This detection rate is low com-
pared to that reported in recent studies on IGP by H. axyridis on native coccinellids,
where IGP levels varied between about 5 and 50% (Gagnon et al. 2011b; Hautier
et al. 2011; Thomas et al. 2012). This could be caused by the low abundance
of E. balteatus and C. carnea in the sampled field, as each species represented
only 0.2 and 0.1% of the total number of aphidophagous predators, respectively.
However, the visual sampling method used in this study could have led to an un-
Table 7.3: Detection rates of Episyrphus balteatus and Chrysoperla carnea in field collected
Harmonia axyridis larvae collected from five countries in 2010.
Detection rate
Country No. H. axyridis tested E. balteatus C. carnea
England 44 2.3% (1) 0.0% (0)
France 51 3.9% (2) 0.0% (0)
Germany 20 0.0% (0) 0.0% (0)
Slovakia 22 9.1% (2) 0.0% (0)
Czech Republic 40 0.0% (0) 0.0% (0)
Total 177 2.8% (5) 0.0% (0)
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derestimation of the abundance of these species, as it is more difficult to observe
small and cryptic hoverfly and lacewing larvae by baked eye than larger ladybird
larvae (Sunderland et al. 1995).
The low detection rates in these Belgian samples could also be, in part, explained
by the fact that the conservation and preparation of the samples was not ideal for
a gut content analysis study. The main reason for this is the long time interval
that occurred between the collecting and freezing of the samples (up to 3h). It is
generally agreed that this time interval should be as short as possible (King et al.
2008), because the collected predator continues to digest its gut content as long
as it is alive. A longer time interval between collecting and freezing thus results
in a shorter detection window, and a lower possibility of detecting any prey DNA.
Because the field samples analysed in this study were initially collected for other
purposes than the molecular analysis of their gut content, the time until freez-
ing was not taken into account at the moment of collecting. Because of these
limitations, it is difficult to interpret the results from the analysis of these Belgian
samples. Consequently, they only served as a first test of this gut content analysis
method to assess if prey DNA could be detected in field caught predators.
While none of the H. axyridis larvae sampled from public parks in different Eu-
ropean countries were positive for C. carnea DNA, DNA of E. balteatus could be
detected in samples from three different countries (England, France and Slovakia)
with an average detection rate of 2.8%. The same samples were also screened
with primers for the ladybirds A. bipunctata and A. decimpunctata developed by
Thomas et al. (2012) (see Brown et al., submitted). A. bipunctata DNA could only
be detected in larvae sampled in England, with an average detection rate of 2.8%
of the total number of samples from the 5 countries. DNA of A. decimpunctata was
found in the gut of H. axyridis larvae from all countries, except Germany, with an
average detection rate of 9.6%. Taking these results at face value, it seems that
A. decimpunctata faces a higher predation risk than the non-coccinellid predators.
However, due to time constraints it was unfeasible to perform a comprehensive
survey of the relative abundance of the species at all field sites. Consequently, it
is difficult to draw any firm conclusions regarding the predation risk faced by each
IG prey, as the higher predation rate on A. decimpunctata could only reflect that
there could have been more A. decimpunctata present at the sites.
132
IGP in the field
Another factor that makes the interpretation of field data difficult is the variation
in detection times that exists between different predator-prey combinations, as it
is more likely to detect predation on a prey with a longer detectability half-life. To
account for these differences, several authors suggested the use of a correction
factor based on relative differences in detectability (e.g. Chen et al. 2000; Gagnon
et al. 2011a). Gagnon et al. (2011b) showed that the application of such a correc-
tion factor to raw field data had a considerable influence on the results of their field
study. However, whether this approach leads to a more correct interpretation of
field data is still under debate and needs to be further examined. For the primers
used in this study, the detectability half-life was about 25h for E. balteatus DNA
and about 42h for C. carnea DNA when detected in the gut of H. axyridis larvae.
Thomas et al. (2012) did not calculate a half-life for their primers for both Adalia
species, but as they could still detect Adalia DNA in the gut of H. axyridis in 80%
of cases after 32h, this value will be higher than the one found for E. balteatus.
Because E. balteatus DNA has a shorter detection period than that of the Adalia
species, the detected degree of IGP on this hoverfly is likely an underestimation
compared to that on the ladybird species. Taking this into account, E. balteatus
could be facing a similar predation risk as A. decimpunctata.
Observed differences in IGP between the different countries could have been
caused by differences in survey timing with respect to species phenology (e.g.
one country may show higher IGP rates because there was a greater degree of
overlap between the occurrence of larvae of the species when the surveys were
conducted). E. balteatus is a multivoltine species in North-Western Europe. De-
pending on the weather and the quantity and quality of prey available, there are two
or three generations per year (Verlinden and Decleer 1987; Krause and Poehling
1996). First eggs of the species are laid from mid April to mid May and the lar-
vae do not undergo a diapause before they pupate. Consequently, larvae can be
found throughout the whole season. There is a steady increase in the number
of E. balteatus adults, peaking in July and August, after which the number de-
clines rapidly (Verlinden and Decleer 1987). Adults of green lacewings, including
C. carnea, are primarily associated with early peaks in aphid populations, from
May to mid-July. Thus, C. carnea eggs and larvae can be found from then on, with
the highest number of adults found in July and August (Szentkiralyi 2001). Further,
both Adalia species have one generation per year in England, but two generations
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in Continental Europe (Majerus and Kearns 1989). H. axyridis is generally bivol-
tine in England (Brown et al. 2008b) and likely has at least as many generations in
Continental Europe (dependent on region, weather and food resources). Overall,
there was a likely overlap between larvae of these three IG prey with H. axyridis
during the sampling period. However due to climatic conditions and other factors,
there could have been local differences, leading to a higher or lower degree of
overlap between larvae of the studied species at the different sites.
The daily activity patterns of the different species are also likely to have influenced
detection rates of prey DNA. Coccinellid larvae are primarily active between 9h in
the morning and 16h in the afternoon, because they need light to localize their prey
(Hodek and Honek 1996). In this regard, the daily activity patterns of H. axyridis
and the Adalia species will probably more or less overlap. In contrast, the temporal
overlap of H. axyridis with E. balteatus and C. carnea may be lower, as the larvae
of the latter two species are mainly active at night (Canard 2001; Stubbs and Falk
2002). However, Sengonca et al. (1995) found that the activity of lacewing larvae
increased with increasing hunger level. Consequently, hungry larvae would also
be stimulated to forage for prey during the day.
Differences in oviposition behaviour could also influence the likelihood of larvae of
two different predators encountering each other in the field. On the one hand, H.
axyridis and E. balteatus lay their eggs near aphid colonies, to provide the larvae
with enough food for their development (Hodek and Honek 1996; Almohamad et al.
2009). On the other hand, C. carnea seems to be less associated with aphid
colonies for its oviposition. In a study on eggplant (Solanum melongena L.), eggs
of C. carnea were more evenly distributed over the field than eggs of Chrysopa
pallens (Rambur) (Neuroptera: Chrysopidae), which were closely associated with
aphid patches (Nakamura et al. 2000). Consequently, C. carnea eggs and larvae
are more spread out, reducing the chance of encountering another aphidophagous
predator. It should be noted that in general, ladybirds, lacewings and hoverflies lay
fewer eggs on plants with larval tracks of conspecific and heterospecific predator
larvae, in order to lower the risk of predation (Ruzicka 1996; Agarwala et al. 2003;
Almohamad et al. 2010). These mechanisms further reduce the likelihood of an
IGP event to occur.
The entirely negative results for IGP on C. carnea for the European samples, and
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the very low detection rates for the Belgian samples, may be caused by the factors
outlined above. Alternatively, the results may be explained by the higher resilience
of C. carnea in IGP interactions with H. axyridis (Wells 2011). Late instars of
C. carnea may sometimes act as IG predators of smaller H. axyridis larvae. For
example in England, C. carnea larvae have been observed in the wild predating
H. axyridis larvae (Fremlin 2007).
Despite the limitations discussed above, the present study indicates that the gut
content analysis method developed in chapter 6 is applicable in the field, and thus
could be useful to evaluate the impact of intraguild predation by H. axyridis. The
broad similarity of our results across countries for E. balteatus (low IGP in four
out of six sampling sites) suggests that IGP by H. axyridis on this species is a
widespread phenomenon. However, in order to fully understand the impact of IGP
by H. axyridis on populations of native non-coccinellid aphidophagous predators,
more thorough field surveys that are carried out over an extended recording period
and take into account the relative presence of each species are needed.
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Over the past decades, biological control of pests and diseases has been increas-
ingly used in agriculture, as it is considered an environmental friendly alternative
to the use of chemical pesticides. Today, more than 150 arthropod species are
produced and commercialized as biological control agents worldwide. For sev-
eral reasons (see chapter 1), an estimated 50% of these species are exotic to
their area of release (De Clercq 2002; EPPO 2011; van Lenteren 2012a). Apart
from the benefits obtained in biological control, the introduction of exotic natural
enemies in agricultural systems is also associated with certain risks. It can lead,
for example, to environmental and economic damage to natural, semi-natural and
agricultural ecosystems through direct attacks on non-target species, IGP, com-
petitive exclusion, apparent competition and genetic changes in other populations
(Simberloff and Stiling 1996; De Clercq 2002; Hoddle 2004; van Lenteren et al.
2003, 2006).
The multicoloured Asian ladybird H. axyridis is one of the best known examples
of an exotic biological control agent that has become invasive. Native to large
parts of Central and Eastern Asia, it has been introduced to North America and
Europe on several occasions over the past century. Both unintentional and in-
tentional introductions for biological control purposes have led to a successful es-
tablishment of this species in North and South America, Europe and Africa (Koch
and Galvan 2008; Brown et al. 2008a, 2011b). Recently, evidence was found in
Europe that the arrival of H. axyridis poses a threat to biodiversity, as certain na-
tive ladybird species have declined since the establishment of this alien species
(Brown et al. 2011a; Roy et al. 2012). One of the mechanisms that is believed
to be responsible for these declines is IGP. Consequently, the role of H. axyridis
as an IG predator has been extensively studied, especially in interactions with
native coccinellid species (e.g. reviewed in Pell et al. 2008). However, less is
known about intraguild interactions between H. axyridis and non-coccinellid aphi-
dophagous predators such as E. balteatus and C. carnea. The information gener-
ated in this study partly fills this knowledge gap, and could help to understand the
mechanisms that control IGP between H. axyridis and other native aphid preda-
tors.
All experiments on IGP between H. axyridis and E. balteatus (chapter 3 to 5)
showed that IGP was in general asymmetric, with the ladybird acting as IG preda-
138
General discussion, conclusion and future perspectives
tor. This indicates that E. balteatus possibly faces the risk of being predated by H.
axyridis in the field. However, the frequency of IGP between these species was
influenced by several factors. The role of the following factors in regulating IGP
was investigated in this study: relative size of IG predator and prey, presence of
aphids as extraguild prey, feeding history of IG predator and prey, arena size, and
structural complexity and leaf surface composition of the host plant.
According to Polis et al. (1989), relative body size of the interacting species is one
of the most important factors that determine the direction and frequency of IGP.
In general, the largest of the two opponents will act as intraguild predator on the
other (see also section 2.3.3). In the experiments in chapter 3, in which possible
intraguild interactions between H. axyridis and E. balteatus were characterized,
this general rule was confirmed. Furthermore, there was a clear effect of body
size on IGP frequency. Large differences in body size between the IG predator
H. axyridis and the IG prey E. balteatus led to high IGP frequencies, while the
incidence of IGP was lower when larvae of both species were of similar size. This
indicates that especially young instars of E. balteatus are vulnerable to IGP. Both
H. axyridis and E. balteatus are multivoltine species, with larvae that can be found
in the field from mid April - mid May until the end of the summer. Also given the fact
that habitats of both species partially overlap, it is likely that young hoverfly larvae
encounter older larvae of the ladybird in the field. IGP could thus be an important
mortality factor for larval populations of E. balteatus.
Usually, the frequency of IGP decreases as the availability of extraguild prey in-
creases (Polis et al. 1989; Lucas et al. 1998). However, other types of responses
to extraguild prey density are also possible, and Lucas et al. (1998) suggested
four theoretical scenarios to characterize the relationship between extraguild prey
density and IGP in terrestrial invertebrates (see section 2.3.3). In the present
study, the effect of extraguild prey on IGP between H. axyridis and E. balteatus
was investigated in two experiments (Chapter 3 and 4). The observed effect of
extraguild prey on IGP was not consistent throughout the different experiments,
as in chapter 3 IGP significantly decreased when extraguild prey were available,
while no effect of extraguild prey was observed in the experiments in chapter 4.
However, due to differences in experimental setup, the aphid density was higher
in chapter 3 than in chapter 4. This suggests that the effect of extraguild prey on
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IGP between H. axyridis and E. balteatus is density dependent, and that it follows
the fourth scenario suggested by Lucas et al. (1998). In this scenario, the IGP fre-
quency remains constant at low and intermediate densities of extraguild prey, but
decreases at high densities. According to Lucas et al. (1998), this scenario could
occur when competition between predators is strong at low densities of extraguild
prey, and IGP allows to diminish this competition. At higher prey densities, com-
petition is considerably reduced and a dilution effect lowers the probability that the
two predators encounter each other, and thus also reduces the incidence of IGP.
The effect of the presence of extraguild prey at the moment of the intraguild in-
teraction is widely studied. Furthermore, it has been hypothesized that IGP is
triggered by certain nutritional requirements such as a need for protein or nitrogen
(Polis et al. 1989; Matsumura et al. 2004). However, studies investigating the im-
pact of the feeding status of the interacting predators prior to the IGP event are
surprisingly rare (e.g. Lucas et al. 2009; Mendel and Schausberger 2011). In this
study, we investigated the influence of different diets during larval development
on the fitness of H. axyridis and E. balteatus, and on the outcome of subsequent
intraguild interactions between these species. Food uptake prior to the interaction
affected the outcome of IGP. On the one hand, the effects were the consequence
of lower fitness and less effective defence strategies when the available food was
limited or of lower quality. On the other hand, changes in predator behaviour, such
as a higher prey searching activity in case of a hungry predator or a lower ten-
dency to take the risks associated with the attack on an IG prey when a predator
still has sufficient energy reserves, could also explain the observed effect. This
supports the theory of Polis et al. (1989) and Matsumura et al. (2004) that nutri-
tional requirements promote IGP. Furthermore, our results indicate that traditional
laboratory studies on IGP, using optimally fed predators that are starved for a short
time just before the start of the experiments, could thus over- or underestimate the
frequency of IGP between two species.
In a meta-analysis that investigated the effect of habitat complexity on IGP, Janssen
et al. (2007) found that an increase in complexity leads to a decrease in IGP. With
this conclusion as a starting point, the influence of habitat complexity on IGP be-
tween H. axyridis and E. balteatus was investigated in two ways in this study: 1)
by comparing IGP in Petri dishes and on potted plants (Chapter 3 and 5); 2) by
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comparing IGP on plant species that differ in structural complexity (Chapter 4).
However, no unequivocal effect of habitat complexity could be found. First of all,
the structural complexity of the host plant species did not affect the incidence of
IGP. Furthermore, the effect of an increased arena volume on the incidence of
IGP depended on the developmental stage of E. balteatus (Chapter 3), the diet
of H. axyridis (Chapter 5) and the magnitude of the volume increase (Chapter 3
vs. chapter 5). These findings thus indicate that the effect of habitat complexity
observed by Janssen et al. (2007) cannot always be generalized, but depends on
certain characteristics of the IG predator and prey. Our results also imply that the
differences in habitat complexity obtained in small scale laboratory experiments
are not always sufficient to provide a measurable effect in terms of IGP outcomes.
Larger scale experiments, for example using field cages, could provide more in-
sights in this matter.
Plants influence foraging herbivores and predators not only through their architec-
ture, but also through their leaf surface composition. Several studies found that
leaf surface structures such as trichomes or wax can interfere with the mobility
and attachment of insects, thus affecting their foraging efficiency (Kareiva and
Sahakian 1990; Eigenbrode et al. 1996; Legrand and Barbosa 2003; Straub and
Snyder 2008). Consequently, these factors could also influence IGP. Therefore,
IGP between H. axyridis and E. balteatus was investigated on plant species that
did not only differ in architecture, but also had a different leaf surface composition
(Chapter 4). The effect that plant species had on the incidence of IGP was clearly
linked to differences in leaf surface structures, as the frequency of IGP was lower
on plants with trichomes or a thick wax layer as compared to plants with a smooth
surface and a thin amorphous wax layer. This effect was linked to differences in
the behavioural response of H. axyridis and E. balteatus to hairy or waxy leaves.
While the coccinellid migrated away from the plants more often on plant species
with trichomes or a thick wax layer, this was not the case for the syrphid. On hairy
or waxy plants, both species thus occupied other areas of the experimental arena,
resulting in lower encounter rates and fewer possibilities for IGP to occur. In other
studies, changes in predation efficiency or IGP caused by trichomes or wax layers
were attributed to differences in the impact on the mobility of predator and prey,
or to refuges that were created by trichomes for the IG prey (Roda et al. 2000;
Eigenbrode et al. 1998).
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There is also a high variation in chemical composition of plant species, for exam-
ple related to the content of defensive chemicals such as glucosinolates in Bras-
sicaceae. These compounds can be sequestered by certain specialized aphid
species such as Brevicoryne brassicae (L.), and thus affect predators feeding on
these aphids. For example, both Syrphidae and Coccinellidae showed a lower fit-
ness when reared on B. brassicae that were grown on Sinapus alba L. (a species
with a high glucosinolate content) compared to their counterparts fed with aphids
that were grown on Brassica napus L. (a species with a lower glucosinolate con-
tent) (Francis et al. 2000; Vanhaelen et al. 2002). As we know from the experi-
ments in chapter 5, the fitness of both IG predator and prey influences the outcome
of IGP. It would thus be interesting to investigate how plant chemicals can mediate
intraguild interactions through extraguild prey.
It has been argued that laboratory experiments on IGP, such as those performed in
the present study, are too artificial and do not allow to explain population dynamics
in aphidophagous guilds (Kindlmann and Houdkova 2006; Weber and Lundgren
2009a). Laboratory trials indeed have some important limitations. First, the arenas
used (especially Petri dishes) are relatively small, causing a much higher number
of encounters between IG predator and prey than would occur in nature. Sec-
ond, migration out of the experimental arena is prohibited. This behaviour has
been noted to be important for ladybirds when prey become scarce (Shellhorn
and Andow 1999; Sato et al. 2003). Indeed, in the present study H. axyridis was
often found on the Plexiglas cylinders in potted plant experiments. Third, potential
avoidance behaviour of adult females when selecting oviposition sites are not con-
sidered, while both Syrphidae and Coccinellidae females were found to lay fewer
eggs on plants that are contaminated with larval tracks of heterospecific predators,
thus reducing the risk of predation to their progeny (Putra et al. 2009; Almohamad
et al. 2010; Seagraves 2009). Finally, this study adds to the evidence that many
variables affect the outcome of intraguild interactions. While all these factors are
important under field conditions, the experimental setup of laboratory experiments
usually does not allow to take all of them into account in a single run. The limi-
tations discussed above indicate that IGP frequencies measured in the laboratory
are likely an overestimation of what happens in the field, and thus support the
viewpoints of Kindlmann and Houdkova (2006) and Weber and Lundgren (2009a).
Consequently, extrapolation of laboratory results is very difficult and should be
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done with caution. However, this does not mean that laboratory experiments are
not useful in the study of intraguild interactions among predators. If their limita-
tions are taken into account, laboratory tests could provide interesting insights in
mechanisms that control IGP, as was also demonstrated in our study.
To overcome the limitations associated with laboratory experiments, field-based
assessment procedures are needed (Weber and Lundgren 2009a). To investigate
the occurrence of IGP by H. axyridis on the hoverfly E. balteatus and the lacewing
C. carnea in the field, a molecular gut content analysis assay, in which DNA of both
IG prey is detected in the gut of H. axyridis, was developed in the present study
(Chapter 6). The importance of a thorough laboratory testing of the developed
primers was emphasized, as the time for which detection of prey DNA is possible
depended on several factors, such as the IG predator and prey species, the devel-
opmental stage of H. axyridis and in some cases the amount of IG prey consumed.
Previous studies showed that other factors, such as temperature, starvation time
and chaser diet could affect prey detection (Hosseini et al. 2008; Weber and Lund-
gren 2009b). Furthermore, several potential errors of interpretation are associated
with gut content analysis (discussed in section 2.4.2). Like with laboratory studies,
interpretation of results from this kind of field studies should thus be done with
care. Nevertheless, molecular gut content analysis has recently proved to be a
successful method to investigate intraguild interactions involving H. axyridis in the
field (Gagnon et al. 2011b; Thomas et al. 2012).
IGP on E. balteatus and C. carnea by H. axyridis was effectively detected using
the gut content analysis method developed in this study (Chapter 7), indicating
this method works under field conditions. However, it is difficult to draw any firm
conclusions on the ecological relevance of IGP by H. axyridis on populations of
E. balteatus and C. carnea based on the results of this study for several rea-
sons. First, larvae of H. axyridis were only sampled once at most field sites. As
trophic links between species can change during the season, for example through
changes in population densities, a single sampling date is insufficient to provide
a complete picture. Second, no comprehensive population study investigating the
(relative) presence of the different interacting species was performed. Conse-
quently, we do not know if a low degree of detection of IGP means that IGP does
not occur frequently, or that this is merely a consequence of a low abundance of
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the IG prey at the field site. Further studies, in which H. axyridis larvae are sam-
pled throughout the season, coupled with detailed population studies at the field
sites, are needed to obtain better insights in the importance of IGP at field level.
As more and more molecular gut content assays for other possible IG prey of H.
axyridis are being developed (e.g. Gagnon et al. 2011a; Thomas et al. 2012), col-
lected larvae of the coccinellid could be screened for the presence of DNA for all
potential IG prey in the system, to determine which species are most at risk.
Monitoring programs in different countries have been collecting data on native la-
dybird populations before and after the arrival of H. axyridis (Adriaens et al. 2003;
Adriaens et al. 2008; Brown et al. 2008b). Data from these programs has pro-
vided evidence that certain native ladybird species, like A. bipunctata, declined
more strongly after the arrival of H. axyridis (Brown et al. 2011a; Roy et al. 2012).
Majerus et al. (2006) also predicted that H. axyridis had the potential to negatively
affect up to 1000 native species (mainly members of the aphidophagous guild)
in Great Britain. Long-term population data for non-coccinellid aphidophagous
predators is much less available than for ladybirds, making it difficult to draw any
conclusions regarding the impact of the establishment of H. axyridis on native non-
coccinellid aphid predators like E. balteatus and C. carnea. However, preliminary
analysis of population data of hoverflies from England suggests that the arrival
of H. axyridis did not result in declines in aphidophagous hoverflies (D. Sumner
and S. Ball, personal communication). The results from the present study also
indicate that E. balteatus and C. carnea will probably be less severely affected
than certain native ladybirds, for several reasons. First, while young instars of E.
balteatus are very vulnerable to IGP, older larvae were more able to withstand at-
tacks of H. axyridis in our laboratory experiments. The success rate of attacks by
the ladybird on third instars of the hoverfly during the first 90 min of the experi-
ments in chapter 3 and 5 was relatively low (maximum 25%). As it is unlikely that
in the field two predators will encounter several times, third instars of E. baltea-
tus thus have a fair chance of surviving a contact with H. axyridis. This is even
more true for C. carnea, as older lacewing larvae can even act as IG predators
on smaller larvae of H. axyridis (Wells 2011). Second, IGP on E. balteatus by H.
axyridis was detected in samples from four different countries and from both agri-
cultural and semi-natural habitats, indicating that IGP is indeed a widely occurring
phenomenon, as suggested by Polis et al. (1989) and Arim and Marquet (2004).
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However, since the detected frequency of IGP on E. balteatus at each field site
was consistently low (between zero and 9.1%, with 2.8% IGP as an average for
the samples from public parks), we expect that IGP by H. axyridis on E. balteatus
will not be very important as a mortality factor for the latter species. As IGP by
H. axyridis on C. carnea never exceeded 0.6% of the tested samples, the same is
expected for C. carnea. Third, the ladybird species that have known the strongest
declines since the establishment of H. axyridis are species that have a high niche
overlap with this invasive species, such as A. bipunctata (Adriaens et al. 2008;
Roy et al. 2012). E. balteatus and C. carnea are both characterized by a wide
distribution over many different habitats (McEwen et al. 2001; Stubbs and Falk
2002). Consequently, it is unlikely that IGP by H. axyridis will lead to widespread
extinctions of E. balteatus. It is possible that local extinctions of E. balteatus pop-
ulations occur in habitats with high densities of H. axyridis, for example in nettle
patches (Alhmedi et al. 2009), or where young hoverfly larvae are confronted with
older larvae of H. axyridis. However, because of their ability to colonize different
types of habitats, E. balteatus could always establish in nearby habitats where H.
axyridis is not present. The same is expected to be true for C. carnea, and Wells
(2011) came to a similar conclusion based on the results from her studies on IGP
by H. axyridis on this lacewing. The high number of species that was predicted
by Majerus et al. (2006) to be negatively affected by H. axyridis may thus be an
overestimation.
The high profile of H. axyridis as an invasive species has resulted in a vast number
of studies focusing on this ladybird. Most of these studies tried to identify which
characteristics were responsible for its invasive success, or investigated how na-
tive organisms were affected by its establishment (Sloggett 2012). Sloggett (2012)
argued that especially those traits which are unique for H. axyridis within the Coc-
cinellidae will provide a competitive advantage over other species. Consequently,
it is important to compare each of these traits with those of other (native) lady-
birds. Regarding its the role as an intraguild predator, a number of studies have
shown that H. axyridis shows a greater tendency for IGP than many other ladybird
species. However, there are indications that some other species, like the highly
polyphagous C. maculata, may also frequently engage in IGP (Michaud and Jy-
oti 2007). Furthermore, Gagnon et al. (2011b) found that in a soybean field in
Canada IGP by C. septempunctata, C. maculata and P. quatuordecimpunctata
145
Chapter 8
on H. axyridis occurred approximately as frequent as IGP by H. axyridis on the
other species. It is thus possible that IGP might be less important for the inva-
sive success of H. axyridis as many researchers now assume. In this regard, it
would also be interesting to investigate the occurrence of IGP by native ladybird
species on other aphidophagous predators like E. balteatus and C. carnea. If IGP
by native Coccinellidae would occur as frequently as IGP by H. axyridis, this would
further indicate that the threat posed on populations of these aphid predators by
H. axyridis is limited.
Negative experiences with exotic species like H. axyridis have increased the con-
cern about the risks associated with the use of non-native biological control agents.
There is now a broad consensus that if biological control as a pest control strat-
egy wishes to remain ecologically sustainable and economically profitable, risks
associated with candidate exotic biological control agents have to be evaluated
before these species are introduced. This is done by performing risk assess-
ment procedures, in which the beneficial impacts are weighed against the poten-
tial adverse impacts of the candidate organism (van Lenteren et al. 2003, 2006;
De Clercq et al. 2011). Many of the studies on H. axyridis in its invaded range
aimed to contribute to the improvement of risk assessment procedures. For exam-
ple, Berkvens (2010) showed that the establishment potential and polyphagy (or
wide host range) of H. axyridis are two key factors in the invasive character of the
species, thus confirming the importance to investigate these traits when perform-
ing a risk assessment as suggested by van Lenteren et al. (2006, 2008). Similarly,
results from the present study could also contribute to this process. Host-range
studies are considered important for assessing the risks of a potential biological
control agent. However, the number of non-target species that can practically be
tested is limited, and forms a crucial constraint in risk assessment of arthropod
biological control agents (De Clercq et al. 2011). Especially for species like H.
axyridis that are highly polyphagous and occupy different habitats, the number
of possible non-target species that could be affected is high. Consequently, it is
important to identify a few well-chosen test species to gain insights in the preda-
tor’s host range and possible non-target effects (Sands 1998). The results of the
present study indicate that widely occurring species with a broad habitat range like
E. balteatus and C. carnea are less at risk from H. axyridis than species with a
high niche overlap, like A. bipunctata. This suggests that particularly species with
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a close relation to the exotic agent in terms of time and space should be used for
investigating non-target effects.
Despite the fact that more than 2000 arthropod biological control agents were in-
troduced outside their native range over the past 100 years, there have been very
few reports of negative non-target effects (De Clercq et al. 2011). The ’H. axyridis
case’ is one mediagenic example that drew attention to the risks associated with
the use of exotic biological control agents, but it is also a unique opportunity to
improve our understanding of the mechanisms associated with biological inva-
sions (Roy and Wajnberg 2008). The many studies focusing on H. axyridis and
on risk assessment procedures have provided important insights in how to make
biological control safer. Research should continue on that path to strengthen the
position of biological control as an ecologically safe and economically profitable
crop protection strategy.
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The multicoloured Asian ladybird Harmonia axyridis (Pallas) (Coleoptera: Coc-
cinellidae) is considered to be one of the most invasive species on earth. Both
unintentional and intentional introductions for biological control purposes have led
to the spread of this species from its native range in Central and Eastern Asia to
large parts of North and South America, Europe and Africa. Especially over the
past two decades, H. axyridis has spread at a very fast rate. In its invaded range,
H. axyridis is associated with several adverse impacts, of which the threat to lo-
cal biodiversity has raised most concern (Chapter 2). Both in North America and
Europe, some native ladybird species have declined since the establishment of
H. axyridis. Mechanisms such as competition for the same limited resources and
intraguild predation (IGP) are used to explain these declines. IGP occurs when
one predator consumes another predator of the same guild (i.e. a predator com-
peting for the same prey). Especially the role of H. axyridis as a strong intraguild
(IG) predator of native ladybirds has been widely investigated. However, knowl-
edge about interactions between H. axyridis and other important aphidophagous
species, such as hoverflies and lacewings, is currently lacking. The main goal of
this study is to investigate intraguild interactions between H. axyridis and native
hoverflies and lacewings, with Episyrphus balteatus DeGeer (Diptera: Syrphidae)
and Chrysoperla carnea Stephens (Neuroptera: Chrysopidae) as model species.
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Improving our understanding of these intraguild interactions, and the factors influ-
encing them, would provide insights in the effect of the establishment of H. axyridis
on native populations of E. balteatus and C. carnea, and could also contribute to
understanding the invasive success of this ladybird.
In Chapter 3 the potential of intraguild interactions between H. axyridis and E.
balteatus was investigated in the laboratory, by determining the occurrence of IGP
between the different life stages of both species. The influence of size and the
developmental stage of both predators, the presence of extraguild prey and habi-
tat complexity on IGP were assessed by experiments in Petri dishes and on potted
broad bean (Vicia faba L.) plants. In both types of arenas, IGP between H. axyridis
and E. balteatus was found to be asymmetric, with the coccinellid in the majority
of cases being the IG predator. There was a significant effect of size on the fre-
quency of IGP. The efficiency of H. axyridis as an IG predator increased with the
developmental stage. Early instars of E. balteatus were the most vulnerable to
IGP. Pupae of either species were not attacked. In the presence of the pea aphid
Acyrthosiphon pisum (Sulzer) (Hemiptera: Aphididae) as extraguild prey, the fre-
quency of IGP was substantially reduced. However, IGP still occurred, mainly in
combinations of older larvae of H. axyridis with first or second instars of E. baltea-
tus. The size of the arena affected the incidence of IGP in combinations with
second instars of E. balteatus, but not in combinations with third instars.
In Chapter 4, the role of another factor, i.e. the host plant, in regulating intraguild
interactions between H. axyridis and E. balteatus was investigated. Five plant
species were used: V. faba (broad bean), Capsicum annuum cv. California Wonder
(pepper), Lycopersicon esculentum cv. Moneymaker (tomato), Nicotiana tabacum
(tobacco) and Nicotiana glauca (tree tobacco). As these plant species had a dif-
ferent architecture, the effect of resulting differences in habitat complexity could be
assessed. Furthermore, these plant species were also characterized by a differ-
ent leaf surface composition, enabling to investigate the influence of trichomes and
wax layers on the occurrence of IGP. Experiments were performed both in the ab-
sence and presence of the aphid Myzus persicae Sulzer (Hemiptera: Aphididae)
in order to assess the influence of extraguild prey on IGP. Only fourth instars of
H. axyridis and third instars of E. balteatus were used. In all treatments, IGP was
again asymmetric in favour of the coccinellid. In contrast to the findings in Chap-
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ter 3, the presence of extraguild prey did not influence the IGP frequency. Plant
species had a clear effect on the incidence of IGP. The observed effect could be
attributed to differences in leaf surface composition, rather than structural com-
plexity. That the frequency of IGP was lower on plants with trichomes or a thick
wax layer was caused by the fact that H. axyridis and E. balteatus occupied dif-
ferent areas of the experimental arenas in the treatments with these plants, while
this was not the case on the plant species with a simple leaf surface.
The influence of diet experienced during larval development on the fitness of H.
axyridis and E. balteatus, and on the outcome of subsequent intraguild interactions
between these species, was investigated in Chapter 5. Four diets were tested for
H. axyridis: eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae), the pea
aphid A. pisum in an ad libitum or a limited amount, and moist honey bee pollen.
For E. balteatus, only the two diets with aphids were used. The effect of these
diets on four fitness parameters (larval developmental time, weight of the last larval
instar, survival without food and predation capacity) was investigated. Afterwards,
several combinations were made between larvae of H. axyridis and E. balteatus
reared on the different diets to assess how diet affected IGP. Experiments were
done both in Petri dishes and on potted pepper plants, to assess the influence of
spatial complexity. E. kuehniella eggs were ranked as the highest quality diet for
H. axyridis, followed by an ad libitum amount of pea aphids, a limited amount of
aphids and finally moist honey bee pollen. E. balteatus larvae showed a higher
fitness when reared on an ad libitum amount of aphids compared to a limited
amount. Differences in fitness also resulted in an effect of diet on the occurrence
of IGP. Like in the previous chapters, H. axyridis always acted as an IG predator
on E. balteatus. While the diet of E. balteatus always influenced the incidence of
IGP, the effect of the diet of H. axyridis was most pronounced in combinations with
third instars of the coccinellid and in the first 90min of the Petri dish experiments.
Increasing the size of the arena resulted in a decrease in the frequency of IGP,
except when H. axyridis was reared on pollen. Overall, the observed effects of
diet were not only the consequence of lower fitness and less effective defence
strategies, but also of changes in predator behaviour.
Several limitations of the laboratory experiments in the previous chapters empha-
size the need for field collected data to gain insights in the ecological relevance of
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IGP by H. axyridis on populations of E. balteatus and C. carnea. In Chapter 6,
the first step towards field surveys on IGP between these species was taken by
developing a DNA based molecular gut content analysis method to detect DNA of
E. balteatus and C. carnea in the gut of H. axyridis. Primers for E. balteatus and C.
carnea were designed and feeding experiments performed to determine for how
long prey DNA can be detected in the gut of the ladybird. DNA detection was in-
fluenced by the developmental stage of H. axyridis, with a shorter detection time
for adults than for fourth instars. For adults of the coccinellid, DNA of E. balteatus
could be detected for a longer period of time than DNA of C. carnea, while it was
the other way around for fourth instars of H. axyridis. Meal size did not affect the
detection time, except when fourth instars of H. axyridis were fed with 10 eggs
or one second instar of C. carnea. Predator weight, sex and morphotype did not
influence DNA detection. The detectability half-life (the time after which there is a
probability of 50% to detect prey DNA in the predator gut) was calculated for each
predator-prey combination, and ranged from 8.9 to 52.4h.
The gut content analysis method developed in Chapter 6 was tested on field col-
lected larvae of H. axyridis in Chapter 7. Two sets of field collected samples were
analyzed using the primers and protocols from Chaper 6. The first set consisted
of 349 fourth intars of H. axyridis, collected from a spelt (Triticum spelta L.) field in
Gembloux (Belgium) on three dates in July 2009. On sampling date 1, one indi-
vudual of H. axyridis was positive for E. balteatus DNA and one for C. carnea DNA,
which corresponds to a detection rate of 0.6%. On the other sampling dates, prey
DNA was not detected. The second set of samples was collected in the summer
of 2010 in public parks in five European countries (England, France, Germany,
Slovakia and Czech Republic), mainly from lime trees (Tilia x europaea L.). Out of
the 177 larvae of H. axyridis that were analyzed, 5 individuals (2.8%) originating
from three different countries were positive for E. balteatus DNA, while no positives
were found for C. carnea DNA. As there are important limitations to this study, such
as the fact that most field sites were only sampled once throughout the season,
and no comprehensive survey of the relative abundance of the different species
was carried out, it is difficult to draw any firm conclusions from these results. Nev-
ertheless, the fact that DNA of E. balteatus could be detected in samples from four
different countries indicates that IGP by H. axyridis on E. balteatus is a widespread
phenomenon. However, as the detection rate of IGP is consistently low, the im-
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pact on populations of E. balteatus and C. carnea is assumed to be limited. More
thorough field surveys that are carried out over an extended census period and
take into account the relative presence of each species are needed to fully un-
derstand the impact of IGP by H. axyridis on populations of native non-coccinellid
aphidophagous predators.
General conclusions and future perspectives are discussed in Chapter 8. In sum-
mary, the multitude of factors that have been shown to influence IGP between H.
axyridis and E. balteatus in the present study emphasize the need to take all these
factors into account if we want to fully understand the importance of IGP between
these species. The results from the field tests on IGP indicate that the risk for
aphidophagous predators such as E. balteatus and C. carnea to be killed by H.
axyridis through IGP is limited. Based on their wide distribution in a variety of
habitats, we furthermore expect that populations of these aphid predators are less
likely to decline as a result of the establishment of H. axyridis than native ladybirds
like Adalia bipunctata L. Finally, our study may further contribute to the improve-
ment the improvement and implementation of risk assessment procedures for the
screening of exotic candidate biological control agents prior to their release in the
field.
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Het veelkleurige Aziatisch lieveheersbeestje Harmonia axyridis (Pallas) (Coleo-
ptera: Coccinellidae) wordt beschouwd als één van de meest invasieve insecten-
soorten ter wereld. Zowel toevallige introducties als introducties voor gebruik in
de biologische bestrijding, hebben geleid tot de verspreiding van deze soort va-
nuit zijn oorsprongsgebied in Centraal en Oost-Azië naar grote delen van Noord-
en Zuid-Amerika, Europa en Afrika. Vooral in de laatste twintig jaar heeft H.
axyridis aan een zeer hoog tempo nieuwe gebieden gekoloniseerd. Verschillende
ongewenste effecten die met de vestiging van deze soort worden geassocieerd,
zoals een potentiële bedreiging van de lokale biodiversiteit, hebben voor grote be-
zorgdheid gezorgd in de gekoloniseerde regio’s (Hoofdstuk 2). Zo zijn, zowel
in Noord-Amerika als in Europa, sinds de vestiging van H. axyridis dalingen in
populaties van bepaalde inheemse lieveheersbeestjes waargenomen. Verschil-
lende mechanismen, zoals competitie voor hetzelfde voedsel en intraguild predatie
(IGP), zouden de achteruitgang van deze soorten kunnen verklaren. IGP komt
voor als twee predatoren, die in competitie treden voor dezelfde prooi, ook elkaar
gaan doden en consumeren. Verschillende wetenschappelijke studies hebben
de rol van H. axyridis als een sterke intraguild (IG) predator van inheemse lieve-
heersbeestjes onderzocht. De kennis omtrent interacties tussen H. axyridis en an-
dere belangrijke bladluispredatoren, zoals zweefvliegen en gaasvliegen, is echter
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heel beperkt. Het hoofddoel van deze studie is daarom het onderzoeken van in-
traguild interacties tussen H. axyridis en inheemse zweefvliegen en gaasvliegen,
met Episyrphus balteatus DeGeer (Diptera: Syrphidae) en Chrysoperla carnea
Stephens (Neuroptera: Chrysopidae) als modelsoorten voor de respectievelijke
families. Meer kennis rond deze intraguild interacties, en de verschillende factoren
die er een invloed op uitoefenen, kan het inzicht in de impact van de vestiging van
H. axyridis op inheemse populaties van E. balteatus en C. carnea verbeteren,
en kan verder bijdragen tot een beter begrip van het succes van deze invasieve
predator.
In Hoofdstuk 3 werden mogelijke intraguild interacties tussen H. axyridis en E.
balteatus onderzocht in het laboratorium, door het voorkomen van IGP tussen de
verschillende ontwikkelingsstadia van beide soorten te bepalen. De invloed van
de grootte en het ontwikkelingsstadium van beide predatoren, de aanwezigheid
van extraguild prooien en habitat complexiteit werden onderzocht door middel van
experimenten in Petrischalen en op kleine bonenplantjes (Vicia faba L.). In beide
types arena was IGP tussen H. axyridis en E. balteatus steeds asymmetrisch, en
trad het lieveheersbeestje in het overgrote deel van de gevallen op als IG preda-
tor. De grootte van beide predatoren had een invloed op de IGP frequentie. De
efficientie van H. axyridis als IG predator nam toe met het ontwikkelingsstadium.
Jonge larven van E. balteatus waren het meest gevoelig voor IGP. Poppen van
beide soorten werden niet aangevallen. Wanneer de bonenluis Acyrthosiphon
pisum (Sulzer) (Hemiptera: Aphididae) aanwezig was als extraguild prooi, lag de
IGP frequentie een groot stuk lager dan wanneer dit niet het geval was. IGP kwam
echter nog steeds voor, vooral in combinaties van oudere larven van H. axyridis
met eerste- of tweedestadiumlarven van E. balteatus. De grootte van de arena had
een invloed op het voorkomen van IGP in combinaties met tweedestadiumlarven
van E. balteatus, maar niet in combinaties met derdestadiumlarven.
In Hoofdstuk 4 werd het effect van een andere factor, nl. plantensoort, op in-
traguild interacties tussen H. axyridis en E. balteatus onderzocht. Vijf planten-
soorten werden hiervoor gebruikt: V. faba (boon), Capsicum annuum cv. Califor-
nia Wonder (paprika), Lycopersicon esculentum cv. Moneymaker (tomaat), Nico-
tiana tabacum (tabak) en Nicotiana glauca (boomtabak). Aangezien deze planten-
soorten een verschillende architectuur hebben, kon de invloed van de hieruit voortkomende
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verschillen in habitat complexiteit op de IGP worden nagegaan. Bovendien was de
structuur van het bladoppervak van deze soorten ook verschillend, waardoor het
effect van de aanwezigheid van trichomen en een waslaag op het voorkomen van
IGP kon worden onderzocht. De proeven werden zowel met als zonder de blad-
luis Myzus persicae Sulzer (Hemiptera: Aphididae) uitgevoerd, zodat kon worden
gekeken naar de invloed van de aanwezigheid van extraguild prooien op de IGP.
Enkel vierdestadiumlarven van H. axyridis en derdestadiumlarven van E. baltea-
tus werden gebruikt. De IGP was opnieuw asymmetrisch in het voordeel van
het lieveheersbeestje in alle behandelingen. In tegenstelling tot de resultaten in
Hoofdstuk 3, had de aanwezigheid van extraguild prooien geen invloed op de IGP.
De plantensoort had echter wel een duidelijk effect op de IGP frequentie. Het
waargenomen effect werd niet veroorzaakt door verschillen in structurele com-
plexiteit, maar wel door verschillen in bladoppervlak. Dat de IGP frequentie lager
was op planten met trichomen of een dikke waslaag was te wijten aan het feit dat
H. axyridis en E. balteatus zich in verschillende zones van de arena’s ophielden in
de behandelingen met deze planten, terwijl dat niet het geval was op de planten-
soorten met een eenvoudige bladstructuur.
De invloed van verschillende diëten tijdens de larvale ontwikkeling op enerzijds
de fitness van H. axyridis en E. balteatus, en anderzijds op de uitkomst van in-
traguild interacties tussen deze soorten, werd onderzocht in Hoofdstuk 5. Vier
diëten werden getest voor H. axyridis: eitjes van Ephestia kuehniella Zeller (Lep-
idoptera: Pyralidae), een ad libitum of beperkte hoeveelheid van de bladluis A.
pisum, en bijenpollen. Voor E. balteatus werden enkel de twee diëten met blad-
luizen getest. Het effect van deze diëten op vier fitness parameters, nl. larvale
ontwikkelingsduur, gewicht in het laatste larvale stadium, overlevingsduur zonder
voedsel en predatiecapaciteit, werd nagegaan. Nadien werden verschillende com-
binaties gemaakt tussen larven van H. axyridis en E. balteatus die werden gek-
weekt op de verschillende diëten, om na te gaan hoe de voedingstoestand de IGP
tussen deze soorten beïnvloedde. Experimenten werden zowel in Petrischalen
als op kleine paprikaplantjes uitgevoerd, om de invloed van habitatcomplexiteit na
te gaan. Eitjes van E. kuehniella bleken het beste dieet voor H. axyridis te zijn,
gevolgd door een ad libitum hoeveelheid bladluizen, een beperkte hoeveelheid
bladluizen en tenslotte pollen. De fitness van E. balteatus larven was hoger wan-
neer ze werden gekweekt op een ad libitum hoeveelheid bladluizen dan wanneer
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ze slechts een beperkte hoeveelheid kregen. Deze verschillen in fitness resul-
teerden ook in een effect van het dieet op het voorkomen van IGP. Zoals in de
voorgaande hoofdstukken trad H. axyridis ook hier weer op als IG predator op E.
balteatus. Hoewel het dieet van E. balteatus steeds een effect had op de IGP fre-
quentie, was het effect van het dieet van H. axyridis het duidelijkst in combinaties
met derdestadiumlarven van dit lieveheersbeestje en in de eerste 90min van de
experimenten in Petrischalen. Een toename in de grootte van de arena zorgde
voor een afname van de IGP frequentie, behalve wanneer H. axyridis gekweekt
was op pollen. Het vastgestelde effect van dieet bleek niet alleen het gevolg van
een lagere fitness en minder efficiente verdedigingsmechanismen, maar ook van
veranderingen in het gedrag van de predator.
Aangezien laboratorium experimenten, zoals deze uit de vorige hoofdstukken, een
aantal belangrijke beperkingen hebben, zijn veldstudies nodig om een duidelijk
inzicht te krijgen in de ecologische relevantie van IGP door H. axyridis op popu-
laties van E. balteatus en C. carnea. In Hoodstuk 6 werd een eerste stap richting
dergelijke veldstudies naar IGP tussen deze soorten genomen door het ontwikke-
len van een moleculaire methode om DNA van E. balteatus en C. carnea te de-
tecteren in de darm van H. axyridis. PCR primers voor beide prooisoorten werden
ontworpen en voedingstesten werden uitgevoerd om na te gaan hoe lang DNA van
E. balteatus en C. carnea kan worden gedetecteerd in de darm van het lieveheers-
beestje. De detectie van prooi DNA werd beïnvloed door het ontwikkelingsstadium
van H. axyridis, waarbij de detectietijd voor adulten korter was dan voor vierdesta-
diumlarven. Voor adulten van dit lieveheersbeestje kon DNA van E. balteatus
langer worden teruggevonden dan DNA van C. carnea, terwijl dit omgekeerd was
voor vierdestadiumlarven van H. axyridis. De gegeten hoeveelheid prooi had geen
invloed op de detectietijd, behalve wanneer vierdestadiumlarven van H. axyridis
waren gevoed met 10 eitjes of 1 tweedestadiumlarve van C. carnea. Het gewicht,
geslacht en morfotype van de predator hadden geen invloed op de detectie van
DNA. De halfwaardetijd voor DNA detectie (de tijd na dewelke er 50% kans is om
prooi DNA te detecteren in de darm van de predator) werd berekend voor elke
predator-prooi combinatie, en varieerde tussen 8.9 en 52.4u.
Het uiteindelijke doel van de methode die werd ontwikkeld in Hoofdstuk 6 is om
deze in het veld toe te passen. Daarom werden in Hoofdstuk 7 twee groepen
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larven van H. axyridis, die in het veld werden verzameld, geanalyseerd met de
primers en protocols uit Hoofdstuk 6. De eerste groep bestond uit 349 vierdesta-
diumlarven van H. axyridis die op drie data in juli 2009 werden verzameld in een
veld spelt (Triticum spelta L.) in Gembloux (België). Van de stalen die op de eerste
datum werden verzameld, werd in één individu van H. axyridis DNA van E. baltea-
tus, en in één ander individu DNA van C. carnea gevonden, wat neerkomt op een
detectie van IGP in 0.6% van de gevallen. Voor de andere data werd er geen
prooi DNA gedetecteerd. De tweede groep omvatte stalen die werden verzameld
in parken, vooral van linde (Tilia x europaea L.), in vijf Europese landen (Enge-
land, Frankrijk, Duitsland, Slovakije en Tsjechië) in de zomer van 2010. Van de
177 verzamelde larven van H. axyridis die werden geanalyseerd, waren vijf in-
dividuen (2.8%) afkomstig uit drie verschillende landen positief voor E. baltea-
tus DNA. Voor C. carnea DNA was echter geen enkel staal positief. Aangezien
deze veldstudies een aantal belangrijke beperkingen hadden, zoals het feit dat
de meeste sites maar één keer gedurende het groeiseizoen waren bemonsterd
en dat geen uitgebreide populatiestudie naar de relatieve aanwezigheid van de
verschillende soorten werd uitgevoerd, is het moeilijk om duidelijke conclusies te
trekken uit deze resultaten. Hoe dan ook, het feit dat DNA van E. balteatus kon
gedetecteerd worden in stalen van vier verschillende landen wijst erop dat IGP
door H. axyridis op E. balteatus wijdverspreid voorkomt. Aangezien IGP echter
maar in een beperkt aantal gevallen werd waargenomen, zal de impact hiervan
op populaties van E. balteatus en C. carnea vermoedelijk beperkt zijn. Meer uit-
gebreide veldstudies, die worden uitgevoerd over een langere periode en waarbij
ook de relatieve aanwezigheid van de verschillende predatoren in rekening kan
worden gebracht, zijn nodig om een duidelijker beeld te krijgen van de impact van
IGP door H. axyridis op populaties van inheemse bladluispredatoren.
In Hoofdstuk 8 worden de algemene conclusies getrokken en verdere onder-
zoeksvragen geformuleerd. In deze studie werd aangetoond dat een groot aantal
factoren een invloed kan hebben op IGP tussen H. axyridis en E. balteatus. Dit wi-
jst erop dat het belangrijk is om al deze factoren in rekening te brengen als we het
belang van IGP tussen deze soorten volledig willen begrijpen. De resultaten van
de veldstudie naar IGP doen vermoeden dat het risico voor bladluispredatoren
zoals E. balteatus en C. carnea om via IGP door H. axyridis gedood te worden
eerder beperkt is. Aangezien zowel E. balteatus als C. carnea een brede versprei-
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ding over uiteenlopende habitats kennen, is de kans bovendien klein dat popu-
laties van deze predatoren een achteruitgang zullen kennen ten gevolge van de
vestiging van H. axyridis, zoals werd gevonden voor inheemse lieveheersbeestjes
zoals Adalia bipunctata L. Tenslotte kan onze studie ook een bijdrage leveren aan
het verbeteren en implementeren van risicoanalyse procedures om de mogelijke
risico’s van exotische biologische bestrijders te evalueren voor deze worden geïn-
troduceerd in het veld.
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